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ABSTRACT
This thesis describes a systematic investigation of the 
influence of alloying additions on the microstructure and 
mechanical properties of eutectoid carbon steels. The goal 
of this work was to develop an alloy which would provide a 
tensile strength in excess of 2500 MPa in drawn wire.
Alloys were fabricated using vacuum induction melting, 
casting and hot-rol 1 .‘.ng. Specimens of each material were 
heat treated to produce pearl J. tic structures. Micro­
structures were evaluated using light, scanning electron and 
transmission electron microscopy. Mechanical properties were 
determined from hardness and tensile tests. Suitable heat 
treated rods were subjected to drawing trials, aid the 
structures and properties re-determined.
In the initial part of the study, the influence of chromium 
and manganese addition on the properties of a high purity 
carbon alloy were studied. This work demonstrated the 
benefits of these small alloying additions on strength, while 
maintaining adequate ductility.
In subsequent work the additional effects of alloying with 
silicon were studied. Of the alloys investigated, the 
2Si-lCr composition achieved a drawn strength in excess of
2500 MPa, This material also exhibited acceptable values in 
standard shear and torsion tests for commercial wires.
Since the strength of steel is strongly dependent on carbon 
content, the further influence of this variable on properties 
was examined using the 2Si-lCr base composition. Increasing 
the carbon content to 0.9% did provide additional strength, 
but increased the ageing susceptibility during drawing.
The work was extended towards commercial compositions by 
preparing 2Si-lCr alloys using a commercial eutectoid carbon- 
manganese steel base. Again, in the as-drawn condition, the 
strength goal was exceeded. However, these materials 
exhibited inferior ductility compered with the high-purity 
alloys. This is thought to be due to ageing.
A brief study was also conducted on the problem of strain 
ageing, but no evidence for precipitation of deleterious 
carbides could be found even using electron microscopy.
In summary, small alloying additions are extremely effective 
in increasing the s t r e n g t h  of p e a r l i t i c  wire, w h i l e  
maintaining adequate ductility. A 2Si-lCr alloy exhibited 
the best results of the materials studied. This composition 
has commercial potential, but may require more sophisticated 
p r o d u c t i o n  m e t h o d s  to p r o v i d e  cleaner, higher p u r i t y  
material. Nevertheless, this alloy is capable of providing 
as-drawn tensile strengths in excess of the 2500 MPa goal.
CHAPTER ONE - INTRODUCTION
Cold d r a w i n g  of e u t e c t o  id carbon steels is a m a j o r  
production technique for the manufacture of ultra-high 
strength wires. Thousands of tons of such material are 
produced each year for applications such as high-strength 
wire ropes, springs and pre-stressed concrete wire.
Alloy steels are used to p r e pare wires when higher 
strengths are required than can be achieved using carbon 
steel. Depending on the specific alloy content, other 
properties such as ductility, wear, fatigue resistance and 
toughness can also be improved, and often maintained to 
higher temperatures. These properties not only depend on 
the type and amount of individual alloying elements but are 
also influenced by s y n e r g i s t i c  inter a c t i o n s  b e t w e e n  
different elements.
In the South African mining industry, wires with tensile 
strengths of 2100MPa form the basis for the manufacture of 
ropes and cables. Significant payload advantages would 
occur if the t e n s i l e  s t r e n g t h  were increased by 
approximately 10 to 20%. The aim of this project was then 
to d e v elop an u n d e r s t a n d i n g  of the m i c r o s t r u c t u r a l  
variables necessary to achieve such strength levels.
' ^  z
The strengths obtained by the process of wire drawing 
depend on the initial strength prior to drawing, and on the 
drawing reductions. To achieve ultra-high strength levels, 
the steel is usually "patented". This heat treatment 
cons i s t s  of a u s t e n i t  isation f o l l o w e d  by i s o t h e r m a l  
transformation of the steel in the pear 1ite nose region of 
the relevant TTT diagram. This produces a fine lamellar 
p e a r l i t i c  structure. The a s - p a t e n t e d  steel is then 
cumulatively cold drawn to very high deformations. The 
stre n g t h  increases p r o g r e s s i v e l y  wit h  i n c r e a s i n g  
deformation.
Another important characteristic of the steel, therefore, 
is its drawabi1ity, or the extent to which the wire can be 
deformed without breakage. Optimum combinations of 
strength and drawability, both of which depend greatly on 
the initial microstructure, result in the attainment of the 
highest strength levels.
The basic philosophy of the present research was to improve 
strength levels using alloying additions in an attempt to:
(i) reduce the interlamellar spacing of the pearlite; and
(ii) increase the friction stress of the ferrite matrix.
It was decided therefore to concentrate this study on the 
elements chromium, manganese and silicon, which have been 
s hown to infl u e n c e  one or both of these p a r a m eters.
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Although a systematic variation of each element, alone and 
in combination, would have been the ideal experimental 
approach, the large number of required compositions from 
such a matrix would have been prohibitive both in cost and 
time. It was therefore decided to select a smaller number 
of alloys (generally towards a predicted maximum practical 
concentration) for a detailed examination of strengthening 
trends.
The aim of this work therefore was to study both the 
scientific and technical aspects of the pearlite reaction 
in low alloy steels. This required microstructural and 
mechanical property evaluation in the as-patented and drawn 
conditions. In particular, detailed studies were made on 
the following parameters:
(a) the pearlite interlamellar spacing;
(b ) the nature and uniformity of the carbide phase;
(c) drawability;
(d) ageing effects during and after the drawing process;
(e ) the mode of deformation; and
(f) the mode of failure in the shear and torsion tests.
This work was undertaken in collaboration with HaggieRand 
Limited South Africa.
CHAPTER TWO -_ LITERATURE REVIEW
2 .1 The Austenite-PearIite Reaction
The stability of all phases and microstructures in metals 
and alloys is based on the principle of minimum free 
energy. The driving force for any transformation is the 
d i f f e r e n c e  in free e n e r g y  b e t w e e n  tr ° r e a c t a n t s  and 
products: AF0 .
In steels, the eutectoid transformation produces pearlite. 
This was recognised as a lamellar structur • of ferrite and 
cement ite (iron carbide) over 100 years ago by Sorby (see 
Honeycombe, 1981). Similar lamellar products have since 
been identified in a wide range of ferrous and non-ferrous 
eutectoids and eutectics. In solid-state transformations, 
these pear 1 i t ic (or discontinuous) reactions have been 
studied extensively. The main purpose of the present 
review is to summarise the existing knowledge specifically 
relating to eutectoid reactions in steels, with only 
limited reference to other alloys where the findings appear 
relevant.
Theoretical contributions to discontinuous precipitation 
reactions have been made by (for example) Brandt (1945), 




symposium: "The decomposition of austenite by diffusions!
processes" (see Cahn and Hagel, 1962).
Many experimental studies have also been reported. These 
include work on plain carbon steels, (for example: Bolling 
an Richman (1970), Chadwick and Edmonds (1973), Cheetham 
and Ridley (1973), (1975), Marder and Bramfitt (1975)) on 
ternary eutectoids (for example : Brown and Ridley (1966),
Sundquist (1969), Puls and Kirkaldy (1972), Coates 
(1973), Evsyukov and Pritomanova (1975), and Al-Salman et 
a 1 ( 197 9a, 197 9b, 1979c)),as well as on n o n - f e r r o u s
eutectoid compositions,(such as Asundy and West (1966a, 
1966b) and Mellor and Chadwick (1974)).
The p e a r l i t e  r e a c t i o n  also o ccurs in n o n - e u t e c t o i d  
compositions. In hypo-eutectoid steels, pro-eutectoid 
ferrite forms prior to the transformation of austenite to 
pearlite while in hyper-eutectoid steels the pro-eutectoid 
phase is cement ite. However, fully pearli tic structures 
can be obtained in these compositions by transformation at 
temperatures below the eutectoid temperature.
2 . 2 Hucleation of Pearlite
Pearlite forms from aus ten i te by a nucleat ion and growth 
process. The reaction is therefore time and temperature 
dependent, and is controlled by diffusion.
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Again, there is a wealth of data concerning both nucleation 
sites and the identity of the active nucleus.
Mehl and Hagel (1956) showed that pear 1ite nucleated almost 
exclusively at austenite grain boundaries. Subsequent 
studies however have recognised the non-equivalence of even 
grain boundary nucleation sites. Using a theoretical 
approach, Cahn and Hagel (1962) derived equations for the 
overall rate of pearlite formation for siti-saturated 
transformation and distinguished grain corners, grain edges 
and grain surfaces in order of decreasing effectiveness. 
Experimental support for this hypothesis has been provided 
by Russev et a 1 ( 1974) in a study of the effect of cooling 
rate on the nucleation of pearlite during continuous 
cooling. At low cooling rates (1.8 to 8.7 °C/min) the 
pearlite reaction started at grain corners, while at higher 
rates (14 to 16 "C/m in) the pearlite nucleated on grain 
edges. More recently, Hawbolt et a 1 ( 19 8 3) reported that 
the nucleation of pearlite at prior austenite grain 
boundaries generally occurred preferentially at grain edges 
and possibly also on grain corners.
As well as grain boundaries, pearlite has also been found 
to nucleate on undissolved cementite (Hull et a 1, 194 2) 
and pro-eutecto id cementite (Dippenaar and Honeycombe, 
1973) .
Repeated sectioning studies by Hillert (1962) have shown 
that all of the apparently separate cementite lamellae in 
pearlite had a common origin, while the individual lamellae 
form by branching during edgewise growth. Thus pear1ite 
essentially consists of two interwoven crystals, one of 
ferrite and one of c e m e n t i t e .  Further c o n s i d e r a b l e  
attention has been given therefore to the identity of the 
active nucleus for pear1ite formation.
In early research (D.W. Smith and M e h l , 19 3 5; G.V.
Smith and M e h l , 194 2 ) the orientation relationship of
ferrite in pearlite was found to be different from that of 
ferrite nucleated in austenite. It was argued that this 
precluded ferrite as the active nucleus. Further evidence 
for this hypothesis was provided by Hull et al (1942) who 
identified undissolved Fe,C particles as very active 
nuclei for pearlite and also found that pearlitic cementite 
was frequently continuous with pro-eutectoid cementite.
Other studies came to different conclusions. Digges (1938) 
found that increasing the carbon content of hypo-eutectoid 
steels retarded both ferrite and pearlite reactions. He 
suggested that this implied they both had the same nucleus: 
ferrite. Aaronson (1954) also proposed that ferrite may be 
the initial or "informal" nucleus of pearlite.
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Nicholson (195 4) presented a more complex concept arguing 
that botn ferrite and cementite could form the active 
nucleus, depending on temperature and composition. A 
similar conclusion was reached by Hillert (1962).
Dippenaar and Honeycombe (1973) carried out a detailed 
crystallographic study of the austenite-pearlite reaction. 
It was found that in pearlite colonies nucleated on "clean" 
austenite grain boundaries, the ferrite was related to one 
austenite grain by a Kurdjumov-Sachs relationship producing 
a low-energy scm i-coherent interface. This resulted 
generally in a high energy incoherent interface with the 
adjacent grain which then provided high mobility for rapid 
pearlite growth.
Similarly, c e m e n t i t e  also d e v e l o p e d  a semi-coherent 
interface with one austenite grain and an incoherent 
interface wit h  the other. In this situation, the 
relationship between the ferrite and cementite was observed 
to be the Pitch-Petch.
(001)c / /  <521)a
(010)c 2 - 3 °  f r o m [ l l I ] a
(100)c 2 - 3 °  f rom [l3T ja
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The existence of this cx - Fe,C relationship in pear 1 ite 
implies direct contact of both phases with the adjacent 
austenite grain.
In other pearlite colonies, a Bagaryatskii orientation 
relationship was found between the ferrite and cementite.
(100)c // (oT d
(010)c // (fn)
(001>c // (211)
Similar observations have also been made by Pitsch (1962), 
Morgan and Ralph (1968) and Ohmori et al (1972). In each 
case, these pearlites were closely associated with pro- 
eutectoid cement ite.
It appears that either ferrite or cementite may act as the 
active nucleu Mehl and Hagel (1956) took the view that 
pearlite nodules formed by sideways nucleat ion and edge­
ways growth. In this w a y , the rapid increase in the number 
of lamellae in a nodule which occurred during growth was 
explained. H o w e v e r , t h i s  could also result from the 
b r anching of l a m e l l a e  d u r i n g  growth. D i p p e n a a r  and 
Honeycombe (1973) have shown the beginning of branching of 
the c e m e n t i t e  lamellae. However, in other nodules, 
sideways nucleation of laths of cementite and ferrite was 
observed.
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Cahn and Hagel (1962) have shown that once formed the 
pearlite nodules grow on the incoherent interface with 
little evidence that aus ten i te grain boundaries can halt 
the advance.
2.3 The Growth of Pearlite
In a binary or ternary system, a diffusional analysis of 
pearlite growth is complicated by the fact that there exist 
two possible diffusion paths for the redistribution of the 
solute(s) to the t wo p r o d u c t  phases. In F e - C , for 
instance, carbon has the o p t i o n  of m o v i n g  by v o l u m e  
diffusion through the bulk austenite, or by boundary 
diffusion along the austenite-ferrite and austenite- 
cementite interfaces.
Mathematical treatments of pearlite growth in Fe-C alloys 
have been attempted by Zener (1946), Hillert (1968), 
Bolze et al (1972) assuming volume diffusion control, and 
by Cahn (19 5 9), S h a p i r o  and Kirk a l d y  (1968), and 
Sundqui st (1969) assuming boundary diffusion control.
On solving the diffusion equation applicable to pearlite 
growth a relationship linking V (the growth velocity), S 
(the interlamellar spacing) and AT (the amount of under­
cooling) may be obtained. A summary of the predictions of 
various eutectoid (and eutectic) growth theories has been
10
given by Mel lor and Chadwick ( 1974). This is reproduced 
as Tabic 2.1. As can be s e e n , all the theories with the 
exception of those developed by Cahn (1959) and Bolze 
et a 1 (1972) predict a relationship of the form V Sn = 
constant or V Sn exp E/RT « constant.
Calculations using boundary diffusion models as the rate 
controlling mechanism usually gave growth rates that are 
higher than those r d e x p e r i m e n t a l l y ,  w h e r e a s
calculations using volui. .iffusion yield growth rates that 
are too low. This would suggest that the rate-controlling 
process is some combination of both mechanisms, i.e. 
volume and boundary diffusion.
Table 2.1 S u m m a r y  of. the p r e d i c t i o n s  of various 
eutectoid (and eutectic) growth theories. 
After Mellor and Chadwick (1974).
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2.4 The Interlameilar Spacing of Pearlite
The interlameilar spacing of pearlite is a parameter of 
major importance, technologically because of its profound 
influence on mechanical properties and fundamentally in 
terms of the kinetics of pearlite formation.
Interlameilar spacings have bee i the subject therefore of 
numerous investigations. A comprehensive review of the 
data on the interlameilar spacing of pearlite was presented 
recently by Ridley (1984).
2.4.1 Definition
It has been found that there significant variations in
the observed spacing b e t w e e n  c e m e n t  i te l a m e l l a e  in 
different areas of the same specimen. This may be due 
partially to the transformation of austenite to pearlite 
over a range of temperatures, but the main reason is the 
difference in the angle at which lamellae intersect the 
plane of the polished section. A relationship is required 
therefore between observed and true spacings (Figure 2.1).
The apparent spacing, S, is the perpendicular distance 
between lamellae measured on the random plane of polish. 
A s s u m i n g  that all the pearlite formed at the same 
t e m p e r a t u r e ,  o n l y  t h o s e  c o l o n i e s  w i t h  l a m e l l a e
perpendicular to the polished surface would show the true 
spacing S0 . However, there is experimental evidence 
(Pellisier et al, 1942) that even this true spacing is not 
a unique value, but there exists a distribution of spacings 
about a mean true value, S„.
A third spacing that may be considered is the intercept 
spacing, 1, (see Figure 2.1). This is the distance between 
two successive lamellae taken from a test line applied 
randomly to the plane of polish, and will vary with the 
orientation of the line in that plane.
An expression for the volume fraction distribution Vv(l) of 
the true spacing S 0, in terms of the intercept spacing 
distribution in number of chords per unit length, was given 
by Cahn and Pullman (1956) as:
, d N (1)
V (1) = 3 1 N, (1) + 1   --
L d m
where N,(l) is the number of chords of length 1 per
unit length of a random secant.
The true average spacing, S0 , was obtained by integrating
00
over the whole range of intercepts: / lVv(1) .
This is clearly inaccurate since 50 will be infinite in 




Centre - to - centre spacings 
So = true spacing 
S = apparent spacing 
1 = intercept spacing
Edge - to - edge distances 
Do = true free distance 
D = apparent free distance 
d = intercept free distance
Figure 2.1 Classification of spacings and distances in 
a geometrically ideal lamellar structure. 
After De-Hoff and Rhines (1968).
Figure 2.2 Determi nat ion 
After De-Hoff
of mean intercept spacing 
and Rhines (1968).
An alternative method for the determination of the true 
interlamellar spacing was developed by De Hoff and Rhines 
( 1968) based on the original work of Gensamer et al 
(1942). This used lines drawn randomly on the sample 
surface to intersect many pearlite colonies (Figure 2.2).
These lines were oriented to intersect a large number of 
lamellae at all possible angles. The total length of the 
test secants divided by the total number of cementite 
platelets was defined as the mean intercept spacing, 1.
2.4.2 Experimental measurements
The determination of the true pearlite spacing from 
metallographic specimens, where the lamellae intersect the 
specimen surface with a range of angles, requires the 
application of special quantitative analytical techniques.
The results obtained using light microscopy have been 
analysed mainly by two methods: the total resolution and 
partial resolution techniques.
The more recent application of electron microscopy to the 
study of interlamellar spacings has led to the development 
of more sophisticated analyses.
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2.4.2.1 The total resolution technique
Light microscopy was applied to the study of pearlite 
spacings in isothermally transformed steels as early as 
1922 by Belaiew. The relationship between the apparent 
spacing (S) on the sectioning plane and the true spacing 
(S0 ) was defined in terms of the angle (w ) between the 
normal to the lamellae and the plane. This gave the 
relationship:
-i S 
oi - sec —r— 
bo
In this case, the smallest apparent spacing encountered on 
viewing a sufficiently large area of the specimen was 
assumed to be equal to the true spacing. This method of 
determining the spacing involves two basic assumptions:
(a) that the true spacing is constant, and (b ) that the 
orientation of pearlite colonies with respect to the plane 
of polish is random.
P e l 1 is ier et a 1 ( 19 4 2) used a statistical analysis to
calculate the distribution of apparent spacings, assuming a 
constant true spacing. This was compared with experimental 
data obtained by measuring the relative amounts of surface 
area occupied by various small ranges of apparent spacing. 
It was concluded that the interlamellar spacing of pearlite 
formed isothermally is not constant, but rather consists of 
a statistical distribution of spacings about a mean value.
Thus it- was suggested that the minimum apparent spacing is 
not representative of the true spacing. Instead, the true 
spacing could be obtained from the fraction, f_. , of the 
area of the reference plane occupied by spacings up to a 
certain value of S:
f = cos (cosec" -Z- )
S So
In this derivation it has been assumed that the lamellae 
are plane. However, the curvature observed in the pearlite 
lamellae was not believed to affect the applicability of 
the derivation.
A similar method has been applied by Asundi and West 
(19 6 6a) in their study of a n o n - f e r r o u s  e u t e c t o i d  
composition. A severe limitation of this technique is that 
it can only be applied to coarse pearlite which is fully 
resolvable in the light microscope.
2.4.2.2 The partial resolution technique
This "Limit Method" was devised by Gensamer et al (1940). 
The true spacing was estimated from measurements of the 
fraction (f s ) of the specimen which is unresolved by an 
o b j e c t i v e  lens of kn o w n  r e solving power, using the 
relationship:
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S is the s p a cing just resolved by the
objective.
this method was subject to errors, Pellisier e ’c 
suggested that it is probably no more inaccurate 
direct method of measuring the average distance 
between lamellae on a highly magnified image. Pellisier et 
al (1942) and Gregory et al (1961) found experimentally 
that the most reliable values were obtained when f^ & 0.5.
However, the errors involved are very large, and have been 
reported as 20% by Pellisier et al ( 1942) and 100% by 
Gregory et al (1961).
2 . 4 . 2 . 3 Electron microscopy techniques
Very fine interlamellar spacing may be measured using 
scanning and transmission, electron microscopy.
One method of obtaining S0 , was developed by Brovn and 
Ridley (1966). Replicas were examined in a transmission 
electron microscope, in which the fluorescent viewing 
screen was inscribed with a circle of known diameter. The 
magnification was increased sufficiently to resolve the 
closest spaced lamellae, and the specimens searched to 






value corresponding to the maximum number of intersections 
was then converted to the minimum interlamellar spacing , S', 
using the relation:
S' -
where n is the number of lamellae crossed at
right angles to the d i a m e t e r  d<. at 
magnification M.
Another approach has been the determination of a m i n imum 
spacing in terms of the average smallest spacing which 
recurs throughout a given section. This method has 
provided reliable and consistent results. It has been
employed extensively therefore, for example by Asundi and
West (1966a), Bolling and Rich man (1970), Puls and
Xirkaldy (1972) and Sharma et al (1979).
BaAn et al ( 1977) and Rodsz et al ( 19 8 0), have also
reported measurements of spacings made using carbon 
replicas. These authors employed the method described by 
V’ellisier et al ( 19 4 2) for the determination of an 
average interlamellar spacing. This was achieved using the 
following cumulative function:






permits he study of large areas of specimens but cannot 
resolve very fine pearlite.
However, a significant advantage of SEM is the ability to 
study the arrangement of cement i te lamellae in three 
dimensions. A special tilting device has been designed by 
Hillnhagen and Schauf (1980). This enables two mutually 
perpendicular polished surfaces to be scanned along their 
c o m m o n  edge, with p r e c i s e  pos i t i o n a l  control. The 
apparatus and the direct measurement of the true spacing 
(position II oi. surface B) are illustrated in Figure 2.3.
The examination of pearlite structures in the transmission 
electron microscope can also be carried out directly using 
thin foil specimens. Although the extremely small extent 
of electron-transparent m a t e r i a l  g e n e r a l l y  p r e c l u d e s  
detailed statistical analysis, it is possible to obtain 
values of the true spacing. This is achieved by tilting 
the specimen until the cementite lamellae are perpendicular 
to the electron beam. Results obtained using this 
technique have been reported recently by Mottishaw (1984).
A. is the proportion of
each value.
Similar methods can also be applied 
obtained from colonies with the smallest 






Figure 2.3 Method of interlamellar spacing measurement.
(a) Problem example
(b) Tilting device
(c) Two surface evaluation 
After Hillnhagen (1980).
2 . 4 . 2 . 4 Relationships between the minimum spacinqs, mean
intercept spacing and the mean true spacing
De Hoff and Rhines (1968) have obtained the relationship
I * 2Se
between the mean intercept spacing and the mean true 
spacing. This relationship can be compared with the 
experimental results of Gensamer et al (1942) who found
that 1 and S 0 were related by a constant, whose value
varied between 1.9 and 2.0.
Many studies .we been carried out on the relationship 
between the minimum observed spacing and the mean true 
spacing. Pel 1 is ier et al ( 19 4 2) reported that these 
values could differ by more than 50%. More recently, 
Asundi and West ( 1 9 6 6a) used the same m e t h o d  to 
investigate the d istr ibut'on of spacings in a eutecto id 
aluminium-bronze.No good agreement was obtained between 
theoretical and experimental distribution curves, although 
a mean true value 2 to 2.5 times larger than the minimum 
spacing was found to be the best fitting.
Pel1 is ier et al (1942) suggested that the interlamellar 
spacing of pear 1ite actually consists of a range of So 
values statistically distributed about some mean value, 
which appeared to be approximately 1.65 So. Brown and 
Ridley (1969), however, have suggested that this value is
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not a universal constant, but varies with time, temperature 
and composition. In isothermally transformed steels the 
factor is frequently less than 1.65.
Recent studies (Ridley, 1984) on a plain carbon eutectoid 
sceel, xsotherma1ly transformed in the temperature range 
645 to 695°C have shown that the ratio S0/S ranged from 
1.18 to 1.32 with an average value of 1.24, and tended to 
increase with increasing f  mperature. Values of S0 were 
obtained from 1 assuming 1 = 2 So. (De Hoff and Rhines, 
1968).
The distribution of spacings in cobalt eutectoid steels, 
transformed under forced velocity cond tions, has been 
examined by M e 1lor and Edmondi (1977). The mean true 
spacing was found to be 1.25 tim^s the minimum spacing. It 
can be seen from the reported data that there is great 
uncertainty on the relationship between the minimum and 
mean true spacing.
2.4.3 The effect of temperature
The interlamellar spacing was found to vary approximately 
exponentially with the temperature of reaction by Mehl 
(1939), who proposed the following relationship:
S0 = K e\p (- ^  )
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r>__
where k and b are constants, and
T is the absolute temperature.
In studies of the influence of transformation temperature 
on the inter lamellar spacing, results have been plotted 
therefore as the logarithm of mean true spacing against 
temperature or the reciprocal of absolute temperature. An 
example is presented in Figure 2.4.
Another expression for the calculation of interlamellar 
spacing, S, was derived by Zener (1946) in terms of the 
free energy available at temperature T for the formation 
of new interfaces :
s .  2 T = X _  2 ,
"  F o T r . - y
where oA is the surface energy per unit area;
Q is the heat of transformation per unit
mass;
T e is the eutectoid temperature; and
p is the density
According to equation 2.1, the interlamellar spacing is 
inversely proportional to the amount of undercooling. A 
similar relationship was obtained by Hugo and Woodhead 
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Figure 2.4 Plot of the logarithm of the mean true 
spacing, So, against temperature for
several eutectoid medium alloy 














Figure 2.5 Effect of degree of undercooling on 
interlamellar spacing. After Harder 
Rramf itt (1975) .
the
and
Based on Zener's approach, Hiilert (1957) proposed a 
modified relationship between the interlamellar spacing and 
the rv-iprocal of undercooling, and this has been confirmed 
experimentally in a wide range of plain carbon and alloyed 
eutectoid steels by Brown and Ridley (1969), Bolling and 
Richman ( 1970), Ridley et a 1 ( 1973), Cheetham and
Ridley ( 197 5 ), and Razik et a 1 ( 19 7 6 ). However,
Mclvor (1973) obtained a non-linear relationship from the 
study of some C-Mn steels.
Harder and Bramfitt investigated the effect of undercooling 
on the interlamellar spacings produced using continuous 
cooling. These results were compared with published data 
from isothermal t r a n s f o r m a t i o n  studies (Figure 2.5). 
Again, a linear relationship was observed. The average of 
the experimental data gave an equation of the form:
S AT « 8.02 x 10* A K
2.4.4 The effect of recalescence
The transformation of austenite to pearlite is exothermic. 
The quantity of heat evolved depends on the amount of 
austen i te transforming. During cooling this heat is 
sufficient to cause a thermal arrest and in isothermal 
transformation can lead to an increase in the temperature 
of a sample. The latter phenomenon is termed recalescence.
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Recalescence is a serious problem. In attempting to 
isothermally transform large samples in a liquid bath, much 
of the pearlite will form at temperatures above the desired 
optimum. This will result in both an appreciable range of 
spacings and a generally coarser structu.a (Gensamer et 
al, 1942). This effect is more pronounced in plain-carbon 
steels which transform rapidly after very short incubation 
times, and can only be avoided by using very small samples. 
In most alloyed eutectoid compositions, the transformation 
kinetics will be reduced and more time will be available 
rot: the dissif it ion of the evolved heat and the attainment 
of the desired transformation temperature. This should 
result in more uniform, finer pearlitic structures.
2.4.5 The effeet of carbon content
P e l l i s i e r  et al (19 4 2) were able to show that an 
increase in carbon content above the eutectoid composition 
resulted in a decrease in the interlamel lar spacing. 
Similar results were reported by Payne and Smith (1968). 
However, it should be noted that this may not necessarily 
be due to the effect of carbon content on the actual 
structure, but may result from the l o w e r i n g  of the 
transformation temperature due to the increased incubation
The effect of carbon content on the spacing and tensile 
.trength of pearlite has been studied by Smith (1977) and 
the results are reproduced in Figure 2.6.
Chadwick and Edmonds (1973) investigated the effect of 
carbon content on inter lamellar spacing in specimens 
transformed under a constant imposed velocity. They found 
that there was a minimum value of spacing corresponding 
approximately to the eutectoid carbon content. However the 
authors suggested that further work is needed in order to 
confirm the results. Cheetham and Ridley (1975) made a 
similar study, using isothermal transformation conditions. 
Again, the interlamellar spacing increased with decreasing 
carbon content. A further important observation from this 
work was the increase in degeneracy of pearlite with 
decreasing carbon content.
2.4.6 The effect of prior austenite grain size
It has been reported by Pell is ier et al (1942), that the 
a u s t e n i t i s i n g  temper a t u r e ,  and therefore, the prior 
austenite grain size had no detectable influence on the 
interlamellar spacing.
Increasing the austenite grain size of a steel increases 
hardenability. Thus, in pla in-carbon steels, coarse- 
grained material would be expected to transform during 
















Figure 2.6 Patented tensile strength as a function of 
carbon content at various interlamellar 
spacings. After Smith (1977).
steel would exhibit a smaller pear1ite spacing, producing 
an apparent, but not a real variation of spacing with 
austenite grain size.
However, Mehl and Hagel (1956) confirmed Pellisier's 
findings, stating that the interlamellar spacing does not 
vary with austenite grain size. Mclvor (1973) also found 
that variations in the austenitising temperatures did not 
significantly affect the interlamellar spacing of a C-Mn 
steel. Agreement was also obtained by Marder and Bramfitt 
(1976) and Roosz and Gaczi (1981), although Gladman et al 
(1972) did find that a coarse a u s t e n i t e  grain size 
frequently produces a finer interlamellar spacing due to 
its effect on the transformation temperature.
The transformation of fine-grained austenite does lead to 
improved mechanical properties. Nakamura (1974) suggested 
that this was due to the d e v e l o p m e n t  of a finer 
interlamellar spacing. This is most unlikely in view of 
most of the evidence presented above.
Mehl and Hagel (1956) also proposed that the interlamellar 
spacing does not depend on the austenite heterogenity. 
However, Payne and Smith (1968), found that if the 
austenite is not completely homogenised, the pearlite which 
forms during isothermal transformation tends to be coarser 
and less uniform, compared with that which is produced from 
homogenised austenite.
2 . 5 The Patenting Process
The patenting of steel wire is a technique introduced as 
early as the 1870's in Great Britain. The basic aim of the 
patenting process is to produce, in a steel rod or wire, a 
uniform microstructure with optimum properties for wire 
drawing.
Payne and Smith (1968) described the patenting process as 
consisting of three different stages:
(i) heating to the austenitising temperature;
(ii) soaking at temperature; and
(iii) cooling to the transformation temperature.
The purpose of the soaking period is to allow for some 
degree of austenite homogenisation. If insufficient time 
is allowed at the solution treatment temperature, all the 
carbides may not dissolve or austenite containing severe 
carbon concentration gradients is produced. This affects 
the subsequent transformation reaction and results in an 
inferior final microstructure. Nucleation occurs on 
undissolved carbides or in carbon-rich areas with a reduced 
incubation time, and the adjacent area of lower carbon 
content also t r a n s f o r m  mor e  rapidly to give larger 
quantities of pro-eutectoid ferrite (containing dispersed 
carbides). The result is a coarser, less homogeneous 
structure.
Homogeneous austemte decomposes more slowly and promotes a 
lower transformation temperature (Cahill and James, 1968a, 
1968b).
The optimum aus tenitising time is considered to be that 
which is just sufficient to promote homogeneity of the 
aus ten!te. Roberts and Mehl ( 19 43 ) suggested that in 
order to produce austenite which is completely Homogeneous 
with respect to carbon in eutceto d steels, a soaking 
period of up to ten times that r ^uired to achieve initial 
carbide solution is required, (Figure 2.7).
The austenitising temperature also influences homogeneity. 
Cahill and J a m e s  (1968a. 1968b) showed that higher
austenitising temperatures may improve homogeneity, but 
results in grain coarsening. Zubov (1972) suggested that 
austenitising temperatures of 150-200 °C above the critical 
temperature were necessary to ensure uniformity of the 
austenite.
The isothermal transformation can be carried out in a 
molten (salt or lead) bath;or by continuous cooling (the 
"Stelmor" process). The metallurgical reactions which 
occur in this stage of the process have the greatest 
influence on the properties of the final drawn wire.
Payne and S m i t h  (1968) s uggested that owing to the 
temperature difference between the rod and lead bath,
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Homogeneous austenite d composes more slowly and promotes a 
lower transformat on l mperature (Cahill and James, 1968a, 
1968b).
The optJ mum austenitising time is considered to be that 
which is just sufficient to promote homogeneity of the 
austenite. Roberts and Mehl (1943) suggested that in 
order to produce austenite which is completely homogeneous 
with respect to carbon in eutectoid steels, a so& ng 
period of up to ten times that required to achieve initial 
carbide solution is required, (Figure 2.7).
The austenitising temperature also influences homogeneity. 
Cahill and Ja m e s  (1968a, 1968b) showed that higher
austenitising temperatures may improve homogeneity, but 
results in grain coarsening. Zubov (1972) suggested that 
austenitising temperatures of 150-200°C above the critical 
temperature were necessary to ensure uniformity of the 
austenite.
The isothermal transformation can be carried out in a 
molten (salt or lead) bath;or by continuous cooling (the 
"Stelmor" process). The metallurgical reactions which 
occur in this stage of the process have the greatest 
influence on the properties of the final drawn wire.
Payne and Smith (1968) sugg e s t e d  that ow i n g  to the 
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Figure 2.7 Rate of formation of austenite in eutectoid 
plain carbon steel. After Roberts and Mehl 
( 1943 ) .
K-i % -
cooling will occur at a mean rate a c cording to the 
following formula:
t  ,  2.2
where t is the time,
r is the rod radius,
P is the density of material (rod),
k is the heat transfer coefficient,
s is the specific heat of material,
01 is the austenitising temperature,
02 is the lead temperature, and
0i is the temperat re at time t.
Thus assuming a constant value of k (although certain 
factors such as rod surface and relative velocity of 
coolant are k n o w n  to influence this, (Armstrong and 
Sturgeon, 1965)); the rate of coo.1 ing depends mainly on the 
quench temperature and rod diameter. Cahill and James 
(1968b) showed that the transformation may be completed 
60 c higher than th? lead bath temperature in the case of 
the largest rod tested (12 mm diameter), and even the 
smallest rod (9.6 mm diameter) completed transformation 
25 °C higher.
Agarwal and Brirnacombe (1981) have developed a mathematical 
model to predict the coupled heat flow and austenite- 
pearlite transformation during the coolinq of eutectoid
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steel rods. The model has been used to study the influence 
of important process variables on the transformation 
behaviour, under conditions of water quenching, air and 
lead cooling. The effect of lead bath temperature on the 
local temperature and fraction austenite transformed at the 
surface and center of a 5.5 millimeter diameter rod are 
shown in Figure 2.8. For a lead bath temperature of 550 tC, 
there will be a difference of approximately 2 0 °C between 
the centre and the surface of the red. The model can be 
employed to predict the cooling requirements of a given rod 
size and eutectoid steel composition to achieve a desired 
structure (which is a function of the transformation 
temperature) . H o w ever, the accuracy of the predictions 
depends critically on the availability of reliable TTT 
diagrams.
2.6 The Effect of Alloying Additions on the Pearlite
Reaction
The effect of alloy'n g e l e m e n t s  on the structure, 
properties and transformation kinetics of steels, is well 
documented and a comprehensive review has been presented by 
Franklin, Preston and Allen (1980).
Alloying elements may influence the pearlite reaction in 
one or more of the following ways:


















Figure 2.8 Effect of lead bath temperature on the 
local temperature and fraction austenite 
transformed at the surface and centre of a
5.5 mm diameter rod. After Agarwal and 
Birmacombe (1981).
(i) by partitioning to the ferrite phase;
(ii ) by partitioning the cementite phase;
(iii) by non-partition.
For a detailed discussion see Section 2.6.4.
b ) Precipitation - After exceeding the solid solubility 
limit, the alloying elements tend to precipitate in the 
form of hard carbide particles. The tendency of alloys 
to form carbides decreases in magnitude ii the order: 
titanium, vanadium, m o l y b d e n u m , tungsten, chromium, 
manganese.
c) Prior a u s t e n i t e  grain size - Alloying e l e m e n t  
additions may refine or coarsen the austenite grain 
size. Nickel tends to refine the grain size, while 
silicon and chromium are grain-coarsening elements.
d) Sutectoid composition may be affected, allowing a fully
pear 1 itic structure to be obtained with a lower carbon
content.
e) The critical eutectoid temperature may increase or 
decrease, thereby stabilising the ferrite or austenite 
respectively.
f) Transformation kinetics may be affected. Manganese,
chromium, molybdenum and silicon are all effective in
slow vg down the kinetics of the reaction, while cobalt
increases it.
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2.6.1 The effect on the nacleation and growth of pearlite
Since alloying elements have different tendencies to exist 
in the ferrite and carbide phases, it might be expected 
that the rate at which the decomposition of austenite 
occurs below T^ , would be sensitive to the concentration of 
alloying elements ir a steel. In most cases alloying 
additions increase the length of the incubation period by 
hindering the diffusion process of redis ribution of carbon 
and volatile elements, and also the self-diffusion of iron 
(Alekseyev et al 1979).
Mehi and Hagel (1956) showed that in a molybdenum steel, 
the nucleation rate of pearlite was reduced. A similar 
effect was found for manganese and nickel steels, while 
cobalt accelerated the transformation. Subsequent work by 
B r a m f i t t  and M arder (1973) and Ridley et al (1973) 
confirmed that molybdenum was the most effective element in 
retarding the pearlite reaction. However, Brown and Ridley 
(1969) suggested that the pearlite nucleation rate was 
independent of nickel content, although the overall 
reaction rate was decreased due to the lowering of the 
eutectoid temperature.
There is a controversy over the influence of silicon. 
Bramfitt and Marder (1973) showed that silicon suppressed 
the pearlite reaction ( though less effectively than
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molybdenum), while Al-Salman et al (1979b) reported an 
increased overall reaction rate in a 2%Si eutectoid steel.*
In the ase of chromium, Chance and Ridley (1978) foun ' 
that the addition of 1.4% to a eutectoid steel led tu a 
substantial displacement of the pearlite region of the ITT 
curve to longer times and raised the pearlite nose to 
higher temperatures.
A large volume of data is available on the effect of 
alloying elements additions on the growth rate of pearlite.
Sundquist (1969) developed a interface diffusion, local 
equilibrium model for the growth of pearlite, and his 
experimental results indicated that alloying elements 
affect peirlite growth purely through their effect on the 
thermodynamics of the system. An expression to relate the 
growth rate of alloy pearlite to .he growth rate of plain 
carbon steels was given. Assuming that the alloying 
element did not affect the interface diffusivity of carbon, 
the equation for the ratio of the growth rate was given as:
* All % in this thesis are given as wt%.
where S is the interlamel lar spacino (the sub­
script "a" refers to the alloy steel);
is the concentration of carbon in the
austenite; and
.y/cem are the c a r b o n  c o n c e n t r a t i o n s  in
and
austenite in the austenite-ferrite and
austenite-cementite interfaces, respect­
ively
H o w ever, the values calculated by Razik et a 1 ( 197 4) 
using the above expression, were found to be up to four 
times greater than these measured.
Cahn and Hagel (1962) found that additions of molybdenum, 
manganese and nickel decreased the growth rate of pearlite, 
with molybdenum again having the most significant effect, 
(Figure 2.9). A similar effect of molybdenum was reported 
by Ridley (1976), who also showed that the pearlite growth 
rate in eutecto id steels was decreased by the addition of 
chromium, manganese, silicon and nickel. The effectiveness 
of manganese was found to increase sharply with increasing 
concentration and appeared to be comparable with that of 
chromium, while silicon and nickel were much less effective 












Effect of alloying elements on the rate of 
growth of pearlite in the temperature range 
550 - 700° C . After Mehi and Hagel(1956 ) .
In the case of manganese, Picklesimer et al (1960) found 
that the pearli te g r o w t h  rate did not depend on the 
diffusion of manganese. They postulated that the decrease 
in growth rate was due to its influence in increasing the 
activation energy for those atomic movements at the moving 
interface which are necessitated by differences in the 
crystal structures between austenite and pearlite.
More recent work by Chance and Ridley (1981), on chromium 
eutectoid steels has shown that chromium additions produced 
marked retardation of pearlite growth. They proposed that 
at high transformation temperatures (low undercoolings) 
peariite growth was controlled by boundary diffusion of 
chromium. H o w e v e r , at temperatures corresponding to the 
austeni te bay regions produced by chromium in the TTT 
diagram, growth is retarded by a solute drag effect. The 
theory of solute drag in grain boundaries, due to 
impurities, has been presented by Cahn (1962) and Lucke 
and Stviwe (19 71), and for the phase interfaces in binary 
alloys by Hillert and Sundman (1976).
2.6.2 The effect on the morphology of pearlite
Alloying additions can also influence pearlite morphology. 
Allan et al (1953) and Hahn et al (1962) reported that 
manganese promoted the formation of imperfect structures, 
consisting usually of partially globular carbides in a
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ferrite matrix (rather than a well-developed lamellar 
structure).
Davy and Glover (1968) observed that in hypo-eutectoid 
steels containing 0.25 and 0.5% manganese, the pearlite 
tends to degenerate. However, increasing the manganese 
content to 1 to 2% diminished the tendency of carbides to 
form as boundary films and refined the psarlitic structure. 
At higher (5.2%) manganese contents, Cahn and Hagel (1962) 
reported divergent pearlite: the newly formed pearlite, 
starting as unresolvably fine, becoming progressively 
coarser as the reaction proceeds isothermally.
Pearlite degeneracy for molybdenum contents less than 0.5% 
was observed by Parcel and Mehl ( 19 5 2), and a disordered 
lamellar structure was reported by Smith and Fletcher 
(1978) for steels containing 0.28 and 0.24% molybdenum.
2.6.3 The effect on the interlamellar spacing
A consideration of the mechanism of pearlite formation 
suggests that the degree of undercooling below the T E 
temperature (A ^ ) may govern the absolute value of the 
interlamellar spacing (Zener, 1946). If this assumption is 
correct, it is of doubtful significance to compare the 
effect of different alloying elements simply on the basis 
of the absolute temperature, since the T E temperature 
is affected differently by various alloying elements.
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Even so, many of the studies on the effect of alloying 
additions on pearlite spacing are contradictory. Pell icier 
et al (1942) reported little direct influence of nickel and 
manganese additions on the spacing, while according to 
Mehl and Hagel (1956), nickel, manganese and molybdenum 
additions increase the spacing. Cobalt additions were 
found to decrease the spacing in both these studies.
More recently, Gladman et al (1972) also found that 
additions of manganese decreased the interlamellar spacing 
as shown in Figure 2.10.
Malik (1979) found that silicon, chromium, molybdenum and 
cobalt additions increased the spacing at any given 
undercooling. On the other hand chromium was shown to 
decrease the interlamellar spacing by Razik et al (1974), 
ZiKeev and Gusienov (1979) and Cordon et al (1983).
In more complex systems, Cordon et al (1983), Mottishaw 
and Smith (1983) and Parsons et al (1933) reported that 
chromium-vanadium steels transformed to pearlite with very 
fine spacings. These results contradict the findings of 
Smith and Fletcher (19"?8), which suggested that these 
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M O The effect of m a n g a n e s e  c o n t e n t  on the 
interlamellar spacing. After Gladman et al 
(1972).
The results obtained in determinations of the interlamellar 
spacing may also be dependent on the purity of the alloys 
studied. For e x a mple, the values measured by Brown and 
Ridley (1969) in high purity nickel steels tended to be 
appreciably lower than the mean true measurements reported 
by Pellisier et al (1942), for commerci’1 purity steels 
of similar composition.
The nature of the transformation of austenite to pearlite 
will also be of great importance. Cahn and Hacel (1962) 
showed that the interlamellar spacing of pearlite formed 
with ut p a r titioning wo u l d  be greater than when 
partitioning occurs (see Section 2.6.4). This suggests 
that spacing versus temperature curves for alloy steels 
should show a distinct change in slope in the region where 
partitioning ceases. Support for this hypothesis has been 
provided by Brown and Ridley (1969), Mclvor (1973) and 
Ridley et al (19 7 3), although no change in slope was 
reported by Razik et al (1974, 1976) and Al-Salman 
et al (1979a, 1979b).
2.6.4 The partitioning of alloying elements
In studying the mechanism of pearlite formation, much 
consideration has been given to the way in which carbon and 
other alloying elements distribute or partition themselves 
between the ferrite and cementite lamellae. Partitioning
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is defined as a selective diffusion or segregation of an 
alloy element into either ferrite or carbide. Partitioning 
will depend on both alloy concentration and transformation 
conditions.
Two different modes of growth have been observed in 
Fe - C - X alloys. These are:
i) growth with partition of the alloying element, X, 
between the parent phase (austenite), and the product 
phase (or phases); and
ii) growth with no partition of X between the parent 
and product phases.
In the cases of partitioning, the reaction is retarded 
considerably because of the relatively slow diffusion of 
the substit tional alloying elements involved.
In the case of no-partition, the alloying elements undergo 
no long range diffusion, although a narrow zone may be 
enriched or depleted, depe n d i n g  on w h e t h e r  X is 
an a or y stabiliser. The reaction is controlled by
the diffusion of carbon, while the alloying element affects 
the reaction kinetics only through its thermodynamic 
influence on the driving force of the reaction.
\
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A state* of para-equi 1 ibr iam at the y / a boundary, was 
proposed by Hultgren (1951). In this case the two 
adjoining phases are in equilibrium with respect to carbon 
only, the iron and the diffusivity of the alloying elements 
being too slow for redistribution.
Cahn and Hagel (1962) determined that the partitioning of 
subsitutiona1 elements is a thermodynamic necessity at 
higher reaction temperatures, if the transformation is to 
proceed. At lower temperatures, there is sufficient 
difference in free energy to drive the reaction without 
partitioning.
The concept of a "no-partition temperature" was introduced 
by Aaronson et a 1 ( 1966) and again reported by Harris
and McCann (1968). For the ferrite reaction this was 
represented as a modified A3 temperature below which 
alloying element partition does not occur. The actual 
temperature of the part it i o n / n o - p a r t i t i o n  tr a n s i t i o n  
depends on the alloy system and composition. The no­
partition temperature concept is similar to the para- 
equi librium concept introduced by Hultgren.
Hillert (1968) suggested that the main part of the effect 
of alloying elements on the transformation of austenite to 
ferrite, cementite, pearlite and bainite was due to the 
changg. in carbon activity. This affects the carbon
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activity difference available to drive the diffusion of 
carbon. For low alloy contents, it was possible to
calculate the change in carbon activity at the two-phase 
boundary from the equilibrium partition coefficient K 
of the element between the two phases. This was defined as 
the ratio of the concentration of an alloying element in 
cementite to that in ferrite. The resultant expression 
obtained was of the form:
ky/“ . X?. - x?e 
to*; /ac’  ------- ----  — L  . %%
*2 - X?
where a£ and a ^ are the carbon acti v i t y  values
without and with the alloy content ,
a Y
Xpe and Xp^ are the concentration of iron in the
ferrite and austenite respectively ,
a v
Xc and Xc are the concentration of carbon in
t h e  f e r r i t e  a n d  a u s t e n i t e  
respectively; and
%M is the concentration of the alloying
element in the ferrite.
A detailed review on the theoretical development of the 
partitioning problem of alloying elements to ferrite or 
cementite has been presented by Sharma et al (1979).
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Considerable research has been carried out in order to 
determine partitioning ir ,Lloy steels as a function of 
composition and temperature. To obtain accurate data, high 
resolution analytical techniques are necessary and recently 
most emphasis has been placed on the use of field-ion 
m i c r o s c o p y / a t o m  p r o b e  and t r a n s m i s s i o n  e l e c t r o n  
microscopy/energy-dispersive x-ray analysis.
According to Miller and Smith (1977) and Miller et al 
(1978), the atom probe is able to measure the partitioning 
of alloying elements and residual elements in steels with a 
spatial resolution of better than Inm.
P a rtitioning studies using an a n a l y t i c a l  electron 
microscope equipped with an energy dispersive x-ray 
detector have been carried out by Razik et al (1974, 
1976) and Al-Salman et al (1979a, 1979b).
A comparison between atom probe and scanning-transmission 
fc'.ectron microscopy microanalysis, as techniques for 
studying the p a r t i t i o n i n g  of allo y i n g  elem e n t s  in a 
pearlitic steel, has been presented by Smith et al 
(1981).
4 3
2 .6 .4.1 Chromium
Chromium has been found to partition preferentially to 
cementite (Puls and Kirkaldy (1972), Ridley (19 76), 
Razik et al ( 1976), and Mottiahaw and Smith (19 8 3)). 
Sharma et al (1979) observed that at high super satura­
tions the local equilibrium no-partition mechanism was 
operative and the kinetics were controlled by diffusion of 
carbon alone. At low supersaturations, the pear1 ite 
reaction was controlled by the boundary diffusion of 
chromium under local equilibrium boundary conditions. At 
low chromium concentrations ( ~ 0.1%) Miller and Smith 
(1977) found complete partitioning to the cementite and 
interface regions at reaction temperatures as low as 5 50°C. 
Chance and Ridley (1981) also observed that chromium 
segregated preferentially to cementite at the pear1 ite 
reaction front for temperatures in the range 730 to 5 50°C. 
Al-Salman et al (1979a) observed segregation of chromium 
to c e m e n t i t e  at the p e a r l i t e  reaction front for 
temperatures down to 600 °C and suggested a mechanism 
involving both bulk and interface diffusion.
A detailed atom probe investigation by Williams (1980) has 
shown evidence of extensive redistribution of chromium to 
cementite, at a reaction temperature of 597 ^ C. This was 
achieved via a short c i r c u i t  diffusion path in the 
transformation interface. The partitioning of chromium did
not appear to be the rate-controlling mechanism for the 
reaction. The most likely explanation appeared to be rate 
control by a solute drag mechanism, with the partitioning 
of alloy elements having only a small effect.
2.6 .4.2 Manganese
Puls and Kirkaldy (1972) did not detect any partitioning 
r egime for m a n g a n e s e  in an F e - C - M n  steel. H o w e v e r , 
Picklesimer et a 1 ( 1960) observed that manganese did
partition between the ferrite and cementite during the 
pearlite reaction at low supersaturations.
In a study of the pro-eutectoid ferrite reaction in a 
number of Fe-C-Mn alloys, Purdy et al (1964) also found 
zero partitioning of manganese at high supersaturations, 
while there was definite evidence of partitioning at low 
supersaturations.
Miller and Smith (1977) and Miller et al (1978) 
observed that manganese was enriched near the interface in 
the cementite phase but was at approximately the same level 
in the centre of large cementite platelets as in the matrix 
(Figure 2.11) .
The influence of reaction temperature was investigated by 










Horizontal bar represents width of carbide platelet 
Vertical error bars represent (one standard deviation)
Figure 2.11 Manganese distribution between cementite, 
ferrite, and interface regions :
(a) thin (-1 nm) carbide;
(b ) thicker (~4 nm) carbide platelet.
After Miller et al (1977).
temperatures the manganese partitioned preferentially to 
the cementite at the pearlite-austenite interface, while at 
lower temperatures there was no partitioning of the 
m a n g a n e s e  in the freshly f o r m e d  pearli te. However, 
manganese segregation to cement i te did occur at all 
temperatures after pearlite had formed and continued until 
equilibrium values were reached.
The mechanism of manganese partitioning was studied by 
Mottishaw and Smith (19 8 3). It was found that manganese 
partitions preferentially to the cementite by short circuit 
diffusion paths along the austenite-pearlite interface. 
Under rapid transformation conditions, however, this 
redistribution process is incomplete.
In steels containing both chromium and manganese, Al-Salman 
(1979a) observed simultaneous segregation of both elements. 
Under all c i r c u m s t a n c e s  the extent of m a n g a n e s e  
partitioning was less than that of chromium.
2.6 .4.3 Silicon
The partitioning of silicon to pear 1 itic ferrite has been 
observed to occur extremely rapidly in the temperature 
range 600 to 750 "C (Al-Salman et al 1979b). In a 0.7% 
Mn - 0.3%Si steel, Miller and Smith ( 1977) and Miller et 
al (19 78) found that the silicon content of the matrix
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was twice that of the cementite phase. It also appeared 
that the silicon level may be enriched further (and the 
manganese level depleted) in the ferrite phase close to the 
ferrite/cementite interface.
The partitioning of silicon to ferrite has been confirmed 
more recently by Mottishaw and Smith (1983) and Garratt- 
Reed and Mottishaw ( 198 3 ) .
2 . 6 . 4 . 4 Others
The p a r titioning of other e l e m e n t s  is not of direct 
relevance to the present study. However, it may be 
useful to list here some references to previous work on 
elements which may be beneficial in future investigations.
Nickel has been found to transform in a no-partition regime 
in a Fe-C-Ni steel (Puls and Kirkaldy, 1972). However, in 
a Si-Mn steel, residual nickel and copper segregated to the 
ferrite-cementite interface ( Miller and Smith (1977) and 
Miller et al (1978)) .
In cobalt eutectoid steels, it has been observed that there 
was preferential p a r t i t i o n i n g  to the ferrite at the 
transformation front for temperatures down to 5 8 0 °C 
(Ridley and Burgers, 198 4) .
47
For molybdenum, a strong carbide-former, Puls and Kirkaldy 
(1972) and Chance and Ridley (1979) reported partition­
ing into the cementite, as expected.
Similarly, Mottishaw and Smith (1983), Garratt-Reed and 
Mottishaw (1983) and Parsons et al (198 3) found that 
vanadium also partitioned to the cementite.
2.6 .4.5 No-partition
Picklesimer et al (1960) proposed that a no-partition 
temperature was detectable in a Fe-C-Mn steel, but could 
not determine it accurately.
Much of the s u b s e q u e n t  work has concen t r a t e d  on 
partitioning between austenite and pro-eutectoid ferrite. 
Aaronson et al (1966) studied the initial stages of 
t r a n s f o r m a t i o n  over a range of temperatures. No 
p artit i o n i n g  was o b s e r v e d  for silicon, m o l y b d e n u m ,  
aluminium, chromium and copper. However, partitioning of 
manganese, nickel and p l a t i n u m  did occur above an 
individual? y characteristic critical temperature.
Razik et al (1974) examined 1.08 and 1.80% Mn alloys 
and observed no-partition temperatures of 68 3 and 64 9 °C 
respectively. In a 1.29% Cr steel, a no-partition tempera­
ture was measured at 703°C (Razik et al 1976). However,
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Chance and Ridley (1981) were not able to identify a no­
partition temperature, although the extent of partitioning 
did decrease with decreasing reaction temperature.
2.5.4.6 Summary
Much research has been cariied out on the effect of 
alloying elements in retarding the kinetics of phase 
transformations in steels. Nevertheless little is known 
about the fundamental mechanisms involved. Only very 
recently has experimental r onf i rmation of partitioning 
between the cementite and fer•ite been obtained by Smith 
et al (1981).
In particular, the enrichment of carbide-forming elements 
close to the ferrite/cementite interface has been revealed, 
indicating the long postulated short circuit diffusion 
effects. Evidence has also been found for enrichment of 
a l l o y i n g  e l e m e n t s  near the p e a r l i t e / a u s t e n i t e  
transformation interface (Williams, 1980), indicating a 
solute drag effect retarding the transformation.
Fine scale chemical microanalysis in the region of the 
growth front using field-emission scanning transmission 
e l e c t r o n  m i c r o s c o p y  and e n e r g y - d i s p e r s i v e  x - r a y  
microanalysis was carried out by Garratt-Reed et al 
(1983) and the local redistribution of alloy elements at
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the pear 1 j te transformation front has been observed. A 
profile across the austenite cementite interface in a Cr- 
Mn-V steel is shown in Figure 2.12(a). An abrupt change 
occurred in the concentrations of the alloying elements, 
indicating that all three partition at the growth front 
(although not necessarily in equilibrium amounts). It was 
observed that those steels tested which formed "regular" 
pearlite colonies revealed a very complex pattern of 
behaviour:
i) interfaces which w e r e  concave to the g r o w t h
direction showed evidence of some solute enrichment 
on the austenite side of the interface;
ii) interfaces convex to the growth direction showed
evidence of solute depletion;
iii) planar interfaces showed no d e t e ctable solute
segregation; and
iv) at deeply concave interfaces, exaggerated solute 
concentration peaks were sometimes found.
In a 1.6%Cr steel, in which pearlite grew with a spiky 
morphology, the austenite-ferrite interface was very 
extended in area, and relatively immobile in a direction 
normal to the axis of the cementite. In this case, a 
distinct peak was observed in the chromium distribution on 
the austenite side of the interface, Figure 2.12(b).
50
Mortensrte Cementile
100 60 tC  40 20 0 20 40  60 eo o o






Figure 2.12 Images (left) and composition profiles
(right) from indicated positions in a
Cr-Mn-V ste >1:
(a) Growth front, with composition profile 
across martensite-cementite interface.
(b) Pearlite spike, with corresponding 
chromium profile.
After Garratt-Reed et al (1983)
2.7 The Strength and Deformation of Pearlite
The most widely used method of producing ultra high 
strength wires is by cold-drawing eutectoid steels. The 
strength obtained by this process depends on the initial 
strength prior to drawing (Shipley, 1962), and on the 
drawing reduction. The drawing speed has also been found 
to affect tne mechanical properties (Nishimura et al, 
1980): higher drawing speeds increasing the strength and
decreasing the ductility of the final product as shown in 
Figure 2.13.
The initial microstructure must be capable of being drawn 
readily without fracture. Shipley (1962) and Pesche et 
al, (1982) have stated that the most suitable initial 
structure is pearlite with a fine interlamellar spacing.
Puttick (1957) found that cementite lamellae were capable 
of undergoing large plastic deformations and did not behave 
as an elastic-brittle constituent. In fine pearlite 
therefore, the carbide plates are also very thin and can 
bend during wire-drawing, rather than breaking to initiate 
failure (Embury et al, 1966).
According to Butcher and Pettit (1966), the main reason for 
the ductility of the pearlite is the discontinuous nature 
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Figure 2.13 Effect of drawing speed on the mechanical
properties of a 0.8%C sceel. After Kishimura 
et al (1980).
main slip mechanisms in pearlite were slip parallel to the 
lamellae (as also proposed by Puttick, 1957) and slip 
traversing the lamellae.
Smith et al (1973) have also shown that the behaviour of 
the cementite phase appears to be the d^tinant factor in 
producing the high strength of drawn material. The large 
ductile elongation of the lamellae is responsible for the 
production of the fine substructure, hut ev o r , they found 
good evidence that the cementite Jamtllae had fragmented.
A further advantage in the use of the finest pearlite 
interlamellar spacing is that tne strength prior to drawing 
is high, and thus less drawing reduction is required to 
achieve a given level of tensile strength (Pickering, 
1978).
In an early paper, Pickering (1965) showed that during the 
wire drawing process the pearlite carbide l a m e l l a e  
initially align t h e m s e l v e s  parallel to the d r a w i n g  
direction and often show kinking where they are intersected 
by slip bands. Following further drawing, the pearlite 
carbide lamellae may deform and become closer together as 
the ferrite slips out from between them.
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The strength of d r a w n  p e a r l i t e  has typically been 
determined using a Hall-Petch type equation to describe the 
flow stress ( for example by Embury and Fisher (1966), 
Hyzak and Bernstein (1976),and Harder and Bramfitt (19 7 6)). 
The flow stress, af is given by:
of * o# + S 2.3
where a0 is the apparent lattice friction stress;
ky (the Hall-Petch proportionality constant)
is a p a r a m e t e r  r e p r e s e n t i n g  the 
efficiency with which barriers block 
dislocations; and 
S is the effective interlamellar spacing.
It can be seen from the above equation that the flow stress 
or yield stress may be increased by decreasing the 
interlamellar spacing, S, or by increasing the friction 
stress of the ferrite matrix, o 0 .
Embury and Fisher (1966) performed the first systematic 
thin foil investigation of drawn pearlite. They found that 
the drawn material consisted of cells elongated in the 
drawing direction. The cell dimension perpendicular to the 
drawing direction was observed to decrease with increasing 
drawing strain. A log-log plot of the flow stress and the 
measured separation of the substructural barriers (the cell
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dimensions) gave a linear relationship. The slope of this 
plot indicated that the stress was related to (cell 
sizef* . Thus the cell walls are the barriers responsible
for strengthening.
These authors then proposed an equation which accounted 
simply for the observed relationship between strength and 
prior strain of these wires:
o- s c ♦ exp (e/4) 2.4
° /2s;
where 0o is the lattice friction stress;
S0 is the original substructural spacing;
ky is the H a l l - P e t c h  p r o p o r t i o n a l i t y
constant;
e is the true wire drawing strain *; and
0  ^ i 3 the : sultant flow stress of the
material.
In a later study, Embury (1971), related the increase in 
flow stress, AOf , to the dislocation densities in the cell 
walls, Pf , through the expression:
True strains are used throughout this thesis. 
They are given by the equation e ■ 21n(D0/D), where D0 
and D are the rod and wire diameter, respectively.
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A(Jf - 0.17 G b (pf)i
where G is the shear modulus; and
b is the Burger's vector.
Langford (1970) attempted to modify these findings in order 
to adapt the work hardening model to predict more closely 
the actual strength attained during wire drawing of 
pearlitic steels. He incorporated plane strain preferred 
orientation effects into the original relationship, 
obtaining the following equation:
0 = Oo ♦ • exp ( e|m ) 2.5
where 6 is between 1 and 2;
Jo,S0,and ky are as defined previously;
ecm is the strain in the cementite; and
is the strain-hardening rate.
This equation assumes a Hall-Petch type relationship 
between flow strength and s u b s tructural features 
< m t e r l a m e l l a r  spacing or cell size) and locally 
homogeneous plane strain elongation within the wire. 
Equation 2.5 produces the same numerical results as the 
Embury and Fisher equation (2.4), but corrects their
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assumption of homogeneous axially symmetric elongation and 
the absence of dynamic recovery.
In a subsequent paper, Langford (1977) stated that his 
previous conclusions were erroneous, and proposed that the 
exponential strain hardening of axisymmetrically elongated 
pearlite is unaffected by the local plane strain elongation 
of individual colonies caused by the <110> wire texture.
Lenasson and Bergstrom (1976) developed a dislocation model 
for the true stress ( o ) and the true strain ( e ) during 
plastic deformation of pearlitic steels, taking into 
account that large strain gradients are generated in the 
pearlite and in the free ferrite. They proposed a 
relationship of the form:
c
u -W -kfl e 
° " 0io+ aGb 1--- —  (® - e e m) + p e kfleera}^  2.6
where a is the true stress ;
is a strain independent friction r, tress ;
is a constant;
is the shear modulus;
is the Burger's vector;
is the dislocation density when e = 0;
is the effective true average strain in










em is the true macroscopical strain;
ne is the e f f e c t i v e  p r o b a b i l i t y  of
d i s l o c a t i o n  r e - m o b i 1 isation in the 
ferrite;
fi is the macroscopical - value;
k= is a measure f the strain gradients (in
em
this case k is assumed to be strain 
independent); and 
U0 is the rate of immobilisation of mobile
dislocations.
This factor, Ue , is related to the initial interlamel lar 
spacing, So , by the equation
U0 » -------
$ b 2S0
where  ^a 0.5 in bcc metals.
The authors obtained excellent agreement between equation
2.6 and the experimental results.
In situ studies of the deformation and fracture of pearlite 
were carried out by Porter et al (19 7 8a, 1979). It wa*’ 
found that there were considerable differences in benaviour 
between fine and coarse pearlite. The greatest differences
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appeared when the lamellae were aligned parallel to the 
tensile axis. Coarse pear 1ite deformed inhomogeneously 
with strain localised in narrow slip bands, whereas fine 
pearlite exhibited a much more uniform distribution of 
strain. The cementite in coarse pearlite showed only 
limited ductility and fractured without thinning, whereas 
in fine pearlite, cementite appeared ductile and was able 
to neck down into fragments. Figure 2.14 shows a 
dislocation model to account for the f u n d a m e n t a l l y  
different behaviour of coarse and fine pearlite with 
axially aligned cementite.
The stress at the tip of the pile-ups,Tp , is approximately 
given by:
tp
Where D is the distance between active slip planes;
So is the interlamellar spacing; and
Ep is the plastic strain
In the case of fine pear l i t e  with very small D, 
significant pile-up stresses will not develop, and fibre 
stresses tend to dominate tensile deformation. In coarse 
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Figure 2.14 A dislocation model for the deformation of
pearlite aligned parallel to the tensile axis, 
illustrating, (a) coarse slip and (b ) fine
slip in the ferrite.
After Porter et a 1 (1978a).
T2.7.1 The effect of the interlamellar spacing
According to Gensamer et al (1942), the resistance to 
deformation of a metallic aggregate consisting of a hard 
phase dispersed in a softer one is proportions 1 to the 
logarithm of the mean straight path through the continuous 
phase. In lamellar structures this means the average 
distance from one plate to the adjacent one, averaged for 
all directions from perpendicular to parallel to the 
plates. If the pearlite colonies were infinite in size and 
the plates were perfectly plane, this average would be 
infinite, however, in reality the plates are always wavy 
and the pearlite colony size is always limited.
While it is u n i v e r s a l l y  agreed that the strength of
pearlite is determined by the interlamellar spacing, there
are differences r e g a r d i n g  th« precise form of the
relationship. Hugo and Woodhead (1957) suggested that the
yield stress, ultimate tensile strength and the hardness
could be related by linear equations to the interlamellar
spacing, to the logarithm of the interlamellar spacing, or
to the reciprocal of the square root of the spacing; the
last two relationships being the most satisfactory. The
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Figure 2.15 Relationship between interlamellar spacing
and tensile strength of a 0.65%C steel. After 
Shipley (1962) .
The yield strength of pear 1ite was observed to be solely 
dependent on the i n t e r l a m e l l a r  spacing (Marder and 
Bramfitt, 1976). The relationship was given as:
Of = 139 + 46.4 S_1
It has also been suggested (Takahashi et al, 1980) that the 
ductility of wires is uniquely defined by the interlamellar 
spacing. Irrespective of the amount of drawing and steel 
grade; they concluded that ductility could be improved 
when a wire was designed to give a final cementite spacing 
of 28nm in the as-drawn condition.
A different point of view was given earlier oy Dewey and 
Briers (1966) who considered that the high strength was 
directly related to the fine ferrite grain size, while the 
role of the cementite lamellae was to stabilise this grain 
structure during the deformation process.
For vanadium - containing steels, Chance and Ridley (1981) 
observed that maximum strengthening at a given vanadium 
level will be obtained at the highest cooling rate at which 
fine lamellar spacing can form.
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2.7.2 The effect of prior austenite grain siie
In most studies, it has been assumed that the size of the 
pear1ite colonies is not a significant variable affecting 
the mechanical properties of steels (e.g. Gladman et al 
(1972)). It is customary, therefore, to express the grain 
size of eutectoid steels as the grain size of the prior 
austenite.
The prior austenite grain size (d) can be related to the 
yield strength through the Hall-Petch equation:
Of = o« + k d~* 2.7
Where Of is the flow or yield stress;
o0 is a constant which represents the resistance 
of the lattice to the movement of disloca­
tions during yielding; 
k is a constant called the dislocation unlocking 
p a r a m e t e r  or Hall-Petch p r o p o r t i o n a l i t y  
constant; and 
d is the prior austenite grain size.
Hyzak and Bernstein (1976) found that equation 2.7 worked 
well for undeformed eutectoid steels. However, they did 
suggest that a structural sub-unit of constant ferrite 
orientation controls the yield strength and that this sub-
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unit is controlled by, but is not identical to, the prior 
austenite grain size. A value of 0.26 MPa.m for k 
was reported by Karlsson and Linden (1975).
A different linear relationship was found to fit the data 
from the thermomechanical treatment of eutectoid steels 
obtained by out by Querales and Bryne (1980):
Of = 202 + 1.3 d-i
Where of is the MPa; and
d is in meters
They explained that the differences in reported values of 
k may arise because the Hall-Petch equation was originally 
intended for application to more isotropic materials.
Querales and Bryne also considered that the prior austenite 
grain size and the interlamellar spacing affect the yield 
strength simultaneously. Multiple linear regression 
analysis, produced an equation of the form:
of -  71 .77 + 0.96 d* + 0.14 1 0 " ’ S ?
Where the stress terms are in MPa: and
d and S0 are in meters.
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However, it should be emphasised that the general consensus 
is that the yield strength is independent of the prior 
austeni te grain size, as shown by Marder and Bramfitt 
(1976) and reproduced in Figure 2.16. It is seen that at a 
given prior austenite grain size there is a factor other 
than grain size that affects yield strength. This factor 
may be either nodule diameter and/or interlamellar spacing.
2.7.3. The effect of alloying elements
The effect of alloying e l e m e n t s  on the strength of 
pearlitic steels has been studied extensively. Since 
different research groups studied the combined effect of 
different alloying elements, it is difficult to give a 
review of the effect of each alloying addition separately.
Silicon is a well known solid solution strengthener of 
ferrite. Bouse et a 1 ( 1978) found that silicon additions 
in the region of 0.20% increased the yield strength by 
approximately 10%. Takahashi et al (1980) have also shown 
that the highest as-patented and as-drawn strengths were 
obtained for the steel with the highest silicon content 
tested (0.99%). Conversely, Franklin et al (1980) reported 
that increasing addition t of silicon from 0.32% to 0.85% 
did not appear to enhance the strength levels following 
patenting.
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Figure 2.16 Effect of prior austenite grain size on the 
yield strength of a Fe-0.81%C binary alloy. 
After Marder and Bramfitt (1976 )
M a n g a n e s e  is a l s o  k n o w n  to be a s o l i d  s o l u t i o n  
strengthener. Additionally, it can also reduce the 
interlamellar spacing of pearlite (Gladman et al, 1972). 
Bouse et al (1973) found that manganese additions of about 
0.35% increased strength by approximately 11%.
The investigation of Franklin et al (1980) confirmed the 
v^ew given by Cahill and Ja m e s  ( 1968a), that lower 
manganese contents were beneficial in promoting higher as- 
patented strength. However, additions in excess of 1% led 
to the problem of microsegregation.
Chromium is effective in reducing the spacing of the
pear 1 i te structure through an increase of transformation
energy (Patent 1404796). It is claimed that an as-patented
tensile strength in excess of 14^0 MPa can be achieved in a
1% chromium/niobium steel. However, Franklin et al (1980)
reported low as-patented strength levels (1100 MPa) in a
steel containing 0.5 per cent chromium and 0.027 per cent 
niobium.
Marich and Curcio (1978) reported that additions of 
manganese and chromium to a eutectoid led to an increase in 
rength. This was attributed to the decrease in 
transformation temperature which in turn promoted finer 
interlamellar spacings.
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It has been shown that small concentrations of molybdenum 
have a m arked effect on the harde n a b i l i t y  of steel. 
However, Franklin et al (1980) reported no significant 
increase in strength on increasing the molybdenum content 
from 0.13 to 0.26%; contradicting reports by Smith and 
Fletcher (1978) in which increasing the molybdenum content 
to 0.30% raised the yield strength by developing a highly 
refined transitional pearlitic microstructure. Additional 
molybdenum did result, however, in bainite formation and a 
decrease in strength.
Vanadium forms a carbide stable up to 9 8 0°C. Alloying with 
vanadium may influence mechanical properties in one of the 
following ways:
(i) by refining the prior austenite grain size(although 
this does not effect the yield strength ; see 
Section 2.7.2);
(ii) by influencing the interlamellar spacing; or
(iii) it may provide precipitation hardening of ferrite.
Lewis and Ward (19 7 8) reported that 0.29% v a n a d i u m  
additions to a p e a r l i t i c  steel did indeed increase 
strength. Smith and Fletcher (1978) found that an addition 
of 0.06% vanadium to a chrom1urn-molybdenum steel resulted 
in notably higher hardness and strength with no significant 
loss of ductility. However, they have shown that vanadium 
without molybdenum was not very effective in developing a
'fine pearlit. e m icrostructure. Conversely, Mottishaw and 
Sntith (19 8 3) reported that under continuous cooling 
transformation conditions, combined additions of chromium 
and vanadium to plain carbon eutectoid steels produced 
strength increments of up to 200 MPa. Again this was due 
to the refinement of pearlite interlamellar spacing, and 
secondary precipitation strengthening of the ferrite phase.
Ridley et al (1981) reported that the strength of eutectoid 
steels containing up to 0.22% vanadium increased as the 
cooling rate was increased; and for a given cooling rate, 
as the vanadium content was increased.
2.7.4 The work hardening rate of pearlite
Honeycombe (1981) describes work (or strain) hardening as 
the ability of a metal to become stronger as it d e f orms, 
and perhaps as the most impressive of the plastic 
properties. Work hardening is governed by the generation 
and interaction of dislocations. Embury et al (1966) have 
proposed that for large plastic strains, strain hardening 
arises from the process of reducing the substructural 
barrier spacing during the working process rather than by 
an increase in the overall forest dislocation density.
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During the wire drawing process the ferrite work hardens, 
and forms a dislocation substructure, and the carbide tends 
to develop a fibrous arrangement. This was shown by Embury 
and Fisher (1966), Embury et al ( 1966) and Chandhok et al 
(1966).
Karlsson and Linden (1975) at t r i b u t e d  the high work 
hardening rate of pearlite to the load transfer from 
ferrite to cementite, with an important contribution from 
constraint effects of the hard phase on ferrite. The work- 
hardening rate was found to be independent of the initial 
hardness or yield stress and the interparticle distance, 
but was d e t e r m i n e d  by the c e m e n t i t e  morphology. 
Conversely, Pickering (1978) proposed that the higher the 
initial strength, the greater is the work-hardening rate, 
due to the smaller interlamellar spacing.
Shipley (1962) has shown that the rate of work hardening of 
pearlite increases with carbon content. However, in 
torsion tests Aernoudt and Sevillano (1973) found little 
variation In work hardening rate with carbon content 
(Figure 2.17) .
Schmidt and Miller (1982) have shown that precipitation 
during deformatio ' may enhance strain hardening by the 
formation of a fine dispersion of precipitates which 
inhibit dislocation motion. Precipitation may also cause 
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Figure 2.18 Suggested interpretations of the observed
types of fracture in pearlite.
After Lindbo-g ( 1968 >
2.7.5 The fracture of pearlite
The effect of plastic deformation on the flow and fracture 
characteristics of pear 1 itic steels has been extensively 
reported in the literature (e.g. Puttick (1957), Barnby and 
Johnson (1969), and Rosenf ield et a 1 (1972)). Plastic 
deformation preceding tensile fracture and the effect of 
such plastic d e f o r i a ' ion on crack nucleation and 
propagation have been studied.
Lindborg (1968) reported a distinct lamellar pattern on the 
fracture surface of a pearlitic steel and suggested that 
the ferrite phase governed cleavage while cement i te 
controlled dimple formation. The interpretation of the 
types of fractures observed by this author are reproduced 
in Figure 2.18.
Miller and Smith (1970) reported microcracks found in 
lamellar pearlite colonies during tensile fracture, the 
angle between the cracks and the tensile axis showing a 
maximum frequency of just over 50°. The pearlite cracks 
were most readily observed when the cementite lamellae were 
oriented parallel to the tensile axis.
Pepe ( 1973) found that the most obvious microstructura 1 
alteration resulting from cold working a plain carbon 
eutectoid steel to differeit reduction ratios was the
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fracture mode transition from cleavege to shear as the 
reduction ratio and strength increased.
Henry (1970) determined quantitatively the relationship 
between microcracking and strain rate for pear 1 i tic 
microstructures. This author, as well as Rosenfield et al 
(1972) showed that the yield and tensile strength for a 
0.69%C. - 0.7%Mn steel increased with increasing strain 
rate; and kinking and microcracking were observed in the 
deformed pearlite lamellae.
Gladman et al ( 1972) found the pearl ite colony size to be 
an important para m e t e r  in c ontrolling the fracture 
toughness of pearl itic steels; while Hyzak and Bernstein 
(1976) as wel^ as Bouse et al (1978) came to the conclusion 
that the effect of colony size on the fracture process was 
small.
A more direct way to demonstrate which microstructural 
parameter controls toughness is to measure the fracture 
facet size and relate it to the microstructure. This type 
of quantitative metallography was reported by Bernstein et 
al ( 19 7 6). They identified the facet unit as a region of 
constant ferrite orientation, whose size changed with the 
austenite grain size a nd, to a much smaller extent, with 
the pearlite colony size. In a high carbon steel it was 
observed by Park and Bernstein (1977), that while the
fracture path often changed direction at a colony boundary, 
the crack more often continued as a single cleavage facet 
across a number of pear 1 ite colonies. In a later 
publication by the same authors (1979) the critical 
fracture unit was shown to be a region where the ferrite 
and the cement ite of contiguous colonies share a common 
[100] orientation. The size of the orientation unit was 
controlled by the prior austenite grain size.
According to Harder and Bramfitt (1976), fracture stress is 
directly related to interlamellar spacing, g0 . The
fracture stress ,0 ,^ is described by the following equation:
of = 436.4 + 98.1 Si1
2 •8 The Strain Ageing of Pearlite
Strain ageing is a process that involves the segregation
of interstitial atoms to dislocations. If after stressing
through the yield point a crystal is unloaded and then
restrained immediately, the yield point does not return
(Figure 2.19). On the other hand, if the crystal is rested
for a long time at room temperature (in the case of iron) 
or a shorter time at an elevated temperature (50 to 150*0, 
the yield point returns after subsequent restraining. This
SlfAin
igure 2.19 Schematic diagram of yield phenomena as showi 





phenomenon is known as strain ageing and involves the 
diffusion of solute atoms to new dislocations generated 
during the prior deformation, which are thus rendered 
immobile.
Each dislocation gathers round itself an "atmosphere" of 
solute atoms . The a t m o s p h e r e s  are immo b i l e  and the 
dislocations are anchored along their entire length to 
fixed positions in the crystal. To produce plastic flow in 
such cases t :e dislocations have to be pulled away from 
their atmosphere, and to do this, the applied force must 
exceed the anchoring force. Because of the strong affinity 
between a dislocation and its atmosphere, this applied 
force will in many cases be larger than the force needed to 
keep the dislocations in motion once they have escaped from 
their atmospheres. When the dislocations are anchored and 
the deformation is purely elastic the material is in this 
strain aged condition.
According to Nabarro, the activation energy for strain 
ageing is the same as that f c  the diffusion of carbon and 
nitrogen in ferrite, while the time for strain ageing is of 
the same order as expected for the formation of atmospheres 
(see Cottrell, 1953) .
Strong yield points are observed in b.c.c. single crystals 
because dislocations are firmly locked by interstitial
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a t o m s  n u c h as c a r b o n ,  o x y g e n  and n i t r o g e n .  In 
polycrystalline metals, phenomena associated with tne yield 
point are intensified, and while a sharp yield can be 
eliminated by the use of zone purified metal, metals of 
normal purity levels usually exhibit yield phenomena under 
appropriate testing conditions.
P o j  ycrystalline iron exhibits strain ageing in the same way 
as single crystals. According to Honeycombe (1981), 
substantial strain ageing can occur at carbon levels around 
0.002%, and as little as 0.001-0.002% nitrogen. Nitrogen 
is more effective because its residual solubility in a-iron 
(10~4 wt% at 2 0 * 0  is substantially greater than that of 
carbon (5.10~^ wt%). The easiest solution to minimise the
effects of nitrogen is to add small concentrations of 
strong nitride formers such as aluminium, titanium or 
vanadium, which reduce the nitrogen in solution to very low 
levels. Guerrieri et al (1983) reported that additions of 
around 0.04% aluminium have been found to be sufficient to 
combine almost all nitrogen (0.004%) as aluminium nitride.
The formation of interstitial atmospheres at dislocations 
requires diffusion of the solute. As both carbon and 
nitrogen diffuse very much more rapidly in iron than 
substitutional solutes, it is not surprising that strain 
ageing can take place readily in the temperature range 20 
to 150 *C.
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P h o s p h o r u s  has a l s o  bee n  m e n t i o n e d  as a s t r o n g  
substitutional hardening element which has a deleterious 
effect upon extreme drawability. This has been attributed 
to a change in the ageing embrittlement caused by nitrogen 
(Franklin and Allen, 1980). In respect of the nitrogen 
ageing behaviour it has been observed that there is an 
interaction with the elements phosphorus, carbon, oxygen 
and manganese, with the grain size and the cooling rate.
Yamada et a 1 ( 1983) examined the strain ageing of high 
carbon steel wires and described methods of preventing 
ageing embrittlement during wire drawing and during storage 
at room t e m p e r a t u r e  after drawing. A s c hematic 
illustration of the effect of ageing temperature on the 
properties of high carbon steel wire is reproduced in 
Figure 2.20. They proposed that the process of ageing is 
divided into three stages. The first stage occurs below 
approximately 1 5 0 °C. In this stage carbon and nitrogen 
dissolved in ferrite lock dislocations. In fine pearlitic 
steels, the amount of dissolved carbon in ferrite is small 
and no noticeable change in tensile properties takes place 
when the free nitrogen content is small. The second stage 
appears at a temperature above about 150 °C. Tensile 
strength and 0.2% proof stress increase but ductility 
decreases d r a s t ically with ageing, and the internal 
friction associated with the motion of dislocations 
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Figure 2.20 Schematic illustration of the effect of ageing 
temperature on the properties of high carbon 
steel wires. After Yamada et al (1983)
cementite is thought to take place, and the carbon a to s 
produced again led to dislocation locking. The third stage 
corresponds to overage ing and leads to a decrease in the 
tensile strength.
2.8.1 The effect of drawing conditions
The high level of deformation present in a heavily drawn 
wire presumably aids the migration of carbon atoms. The 
presence of point and line defects in both the ferrite and 
cementite phases will enhance carbon migration and the 
refinement of the interlamellar spacing will reduce the 
distance over which carbon atoms have to move in order to 
effectively pin all the mobile dislocations.
Figure 2.21 shows the effect of the variation in drawing 
speed on the ageing characteristic of finished wires as 
obtained by Yamada et al ( 1983). A drastic change in 0.2% 
proof stress and tensile strength was observed in the wire 
drawn at 0.05 m/m in by ageing at around 2 00 °C. However, 
there was no such significant change in properties in the 
wire drawn at 3 0 0 m/m in, indicating that second stage 
ageing had progressed during drawing in the latter wire, 
but not in the former.
Stephenson et al (198 3) developed a shear test in order to 
study the effects of cold work and artificial ageing.
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gure 2.21 Effect of variation in drawing speed on the 
change in room temperature ^ensile properties 
due to ageing for 5 minutes.
After Yamada et al (1983)
Accorx .ng to their findings, wires manufactured by drawing 
to high overall strains have been shown to be more 
susceptible to the embrittlement effect of strain ageing, 
to snch an extent that the ageing mechanism appears to 
opeia*-.* at room temperature.
Nishimura et a 1 ( 1980) carried out intermediate ageing 
treatments at different temperatures during the drawing 
process. The change in mechanical properties in the drawn 
wire resulting from the ageing treatment are shown in 
Figure 2.22. It can be seen that when the ageing 
temperature approaches the "blue brittleness region", the 
yield and tensile strength increase while the number of 
twists, reduction in area and elongation are reduced.
The effect of intermediate ageing was also reported by 
Yamada et a 1 (19 8 3). They suggested that if a wire is 
heated extensively at an intermediate die and goes through 
second stage ageing but is not heated above approximately 
100 °C at the finishing die, the mechanics 1 properties of 
the wire so produced still tend to change markedly during 
storage at room temperature.
Great emphasis has been placed on the need for direct water 
cooling ->f the wires at the die exit in order to control 
excessive rises in temperature, thus preventing or minimis­
ing strain ageing and img roving wire ductility. This has
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Figure 2.22 Change in mechanical properties resulting from
an ageing treatment.
After Nishimura et al (1980)
been studied by (among others), Liska (1980), Nishimura et 
al (1980), Guerrieri et al (1983), Yamada et al (1983), and 
Pawelski and Keuper (1984). In Figure 2.23 the ratio of 
outlet and inlet temperatures of the wire is plotted 
against the rate of water flow. The graph shows that the 
drop in temperature is greater at small diameters of wires. 
The graph also demonstrates that the cooling rate for lower 
wire drawing speeds depends upon the rate of water flow.
2.8.2 The effect of alloying elements
Mazzucato et al (1981) compared the ageing susceptibility 
of wire rods from chromium steel (0. 5%) and a steel of 
conventional composition by prestraining the samples 
(e » 3%), ageing at temperatures between 100 and 250°C and 
restraining to rupture at room temperature. The 
difference, Ao between the yield strength of the 
m a t e r i a l  and the stress achieved at the end of pre- 
deformation was used as a parameter to evaluate the ageing 
tendency. The trends of this parameter and the ductility 
variation with ageing temperature are illustrated in Figure 
2.24. The increase in strength of the two steels was very 
similar, while the decrease in ductility of the chromium 
steel after ageing was less sensitive than what of the 
conventional steel, since the fracture remained completely 
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Figure 2.23 Surface temperature as a function of the rate
of water flow and the diameter of the wire. 
After Pawelski and Keuper (1984)
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Figure 2.24 Strain ageing behaviour of the wire rods
different compositions.
After Mazzucato et al (1901)
The effect of manganese and silicon on the ageing behaviour 
of ferrite has been investigated by Leslie (1961) by the 
determination of:
(i) the temperature at which metastable carbides aopear; 
and
(ii) the temperature at which nucleation begins within 
the matrix, independent of dislocations.
It was found that silicon raised both temperatures whereas 
manganese decreased them.
Wert (1952) has shown that the rate of diffussion of carbon 
at 4 0 °C was u n a f fected by additions of 0.5% n i c k e l , 
chromium, manganese or vanadium, or by 0.9% molybdenum. 
Also, the rate of precipitation at 150°C was the same as in 
Fe-C, except for the alloy containing vanadium in which 
precipitation was considerably faster. The alloys tested 
contained markedly different concentrations of carbon, 
which tended to complicate the interpretation of the 
results.
Korzekwa et al (1982) observed that room temperature ageing 
does occur in dual phase steels. The precipitation process 
by which ageing occurred was found to be dependent on the 
degree of s eg r gat ion of alloying elements during 
processing.
Ochioni et al (1983) tested high silicon eutectoid steels. 
It was observed that increasing the silicon content 
affected the characteristics of strain ageing and recovery 
of high carbon steel wire with a fine lamellar structure 
and a high dislocation density. In the case of a 1.22% 
silicon steel an increase of 6u-80 MPa was observed after 
stress relieving at temperatures between 350 and 400 °C. 
Diffusion data for carbon in ferrite (Kristhal, 1970) 
showed that silicon additions reduce carbon mobility by a 
substantial amount, especially at low temperatures.
2 .9 Choice of Alloys for Investigation
From the discussion on the effect of alloying elements on 
the pearlite reaction (Section 2.6), it appears that 
manganese, chromium, silicon, molybdenum, vanadium and 
perhaps cobalt are the most suitable alloying additions in 
order to achieve the goal o ‘ this project.
It was decided to investigate the potential benefits of 
chromium, manganese, and silicon because of their influence
on the following parameters:
i) Reaction kinetics. All three elements retard the 
reaction kinetics.
ii) Solid solution strengthening. Silicon gives 
significant solid solution hardening of the ferrite, 
while the m a n g a n e s e  effect is not so remarked. 
Chromium provides solid solution gardening of the 
cementite.
iii) Interlamellar spacing. Chromium was shown to decrease 
the interlamellar spacing, however, manganese showed 
an opposite trend. Because of its influence on the 
reactior kinetics, silicon is expected to provide 
regular pearlitic structures.
In deciding on the series of alloys which should be 
prepared in carrying out this investigation, two factors 
which could represent conflicting interests had to be 
considered. The first factor is related to the precise 
d e t e r m i n a t i o n  of the individual effects of alloying 
additions on the microstructural development of pearlitic 
structures ard the mechanical properties produced. For 
this purpose and in order to obtain adequate scientific 
understanding, high purity materials are necessary. The 
second factor requires the selection of compositions which 
are easily attainable by steel suppliers and thus represent 
commercial grade quality, containing various impurity 
concentrations.
The nominal compositions of the alloys for a preliminary 
study are listed below:




In the series of alloys for detailed evaluation the 






A carbon content of 0.8% would result in some of the alloys 
having nominally hyper-eutectoid composition. However, 
since carbon is the stronger hardening element, significant 
reductions in carbon content in order to achieve eutectoid 
compositions, would adversely affect the maximum strength 
levels achievable.
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CHAPTER THREE - EXPERIMENTAL TECHNIQUES
3.1 Alloys for a Preliminary Study
These alloys were prepared from high-purity base materials 
by vacuum induction melting at Sheffield University. The 
material was supplied in the cast and extruded condition as 
rod with nominal diameters of 9.5 and 12mm. The latter was 
subsequently drawn to 9.5mm prior to patenting and further 
working. The compositions of the alloys are listed in 
Table 3.1. The alloys were analysed at Sheffield 
University using quantometry and wet chemical techniques.
3.2 Alloys for Detailed Evaluation
These alloys were prepared using the new production 
facilities c o m m i s s i o n e d  in the University of the 
Witwatersrand, and by vacuum induction melting at Sheffield 
Un ivers ity.
3.2.1 Materials
In this section of the study two types of alloys were 
fabricated: high purity end commercial grade. In the
former, specific compositions were achieved by the addition 
of high purity alloying elements to electrolytic iron, 
while in the ciher series similar alloying additions were 
made to a commercial eutectoid C-Mn steel.











Fe-C 0.84 * * 0.021 *
lCr-l/4Mn 0.84 0.97 0.25 0.018 *
iCr-lMn 0.85 1.00 1.04 0.019 *
* less than 0.02
All these alloys were analysed by Haggle Rand Limited, 
Standard Brass and S.I.B., using spectrograph ic and wet 
chemical methods. The compositions were determined for 
sections from the top and bottom of each cast ingot and the 
values were found tc be within acceptable limits. The 
compositions studied are reproduced in Tables 3.2(a and b' .
3.2.2 Melting and casting
Each alloy was produced as a 6Kg ingot with a 6 0mm square
cross section. Melting was carried out in a Leybold- 
Heraeus vacuum induction unit, equipped with a vacuum lock 
system which permits the charging of alloying elements 
during the melting cycle. All the alloys were melted and 
cast under a partial pressure of argon. The only
difference in procedure was that the high purity alloys
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Table 3.2(a) Chemical compositions of the Sheffield alloys 










2Si-lMn 0.81 - 1.01 1.89 *
2Si-lCr 0.82 0.98 - 1.88 w
iSi-lCr-lMn 0.83 1.00 0.97 0.98 *
2Si-lCr-lMn 0.66 0.97 0.96 1.95 *
* less than 0.02%
Table 3.2(b) Chemical compositions of the Wits alloys for 
detailed evaluation (in weight %).
i
Alloy C Cr Mn Si S P N
Oth­
ers
2Si-lCr 0.80 0.99 1.88 0.0020 0.0012 0.0029 *
2Si-lCr-0.5C 0.46 1.06 1.86 *
2Si-lCr-0.6C 0.61 1.03 1.87 *
2S i-lCr-0.7C 0.67 1.02 1.72 *
2Si-lCr-0.9C 0.92 1.02 1.85 0.0046 *








0.79 1.02 0.72 1.70 0.033 0.010 0.008 *
* Less than 0.02%
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were vacuum degassed, while the commercial compositions 
were not (in order to maintain typical residual impurity 
contents).
These compositions which are relatively high in carbon and 
silicon, have a v, ^ de freezing range and are therefore 
susceptible to solidification shrinkage. Considerable care 
was taken therefore during casting to minimise primary and 
secondary pipe formation in the ingots. Nevertheless, some 
yield loss was encountered in the laboratory "pilot" scale 
production route due to primary pipe formation.
3.2.3 Rolling
The as-cast ingots were mechanically worked using an 
experimental rolling mill with a 30 tonnes load capacity. 
After pre-heating at 1100°C for 2 hours in an air furnace, 
the ingots were first cogged to produce a 30mm square 
cross-section. This material was subsequently worked using 
shaped (section) rolls to provide the experimental 14mm 
diameter rod. During rolling, four to five re-heats were 
necessary, the time at temperature being determined by the 
thickness of the material.
After processing, it was found that a layer approximately 
1mm in depth had been subject to decarburisation. This was 





In this study, it was not possible to homogenise the as- 
rolled material, due to a lack of high temperature (1200°C) 
inert gas heat treatment facilities. However, sections of 
each alloy were partially trans?: : (20%) and water-
quenc' j to estimate the uniformity o: pearlite nucleation 
(using light microscopy) and hence det e r m i n e  the 
approximate homogeneity of the as-rolled structures.
3.3.2 Determination of TTT diagrams
A detailed knowledge of the isothermal transformation 
c h a r a c t e r i s t i c s  of e a c h  a l l o y  is v i t a l  to the 
interpretation of the observed microstructures and the 
selection of suitable patenting conditions. Two techniques 
were e mp1o/cd in the determination of TTT diagrams: light
metallography and dilatometry.
i) Light Metallography:
This technique was used to obtain the general form of 
the TTT curves. Since reactions in pearlitic steels 
are usually very rnpid, TTT diagrams were determined 
using small specimens (10mm diameter by 3mm thick) in 
order to approximate to genuine isothermal conditions. 
These samples were heat treated at 50 °C intervals in
the temperature range 500 - 650 °C, and the percentage 
transformation assessed from polished and etched 
specimens using light microscopy. Since it is very 
difficult to distinguish pearlite from bainite and 
ma r t ensite (produced by quenching untransformed 
austenite) in samples more than / 0% transformed, the 
metallographic method provided only an approximate 
guide to the transformation kinetics.
i i) Dilatometry:
A more accurate determination of the TTT diagrams for 
some of the alloys was obtained using the high speed 
dilatometer facility of the Department of Metallurgy 
and Materials Science, University of Cambridge (by Dr. 
R.A. Ricks). In these experiments, thin walled 
(0.6mm) cylindrical specimens were induction-heated, 
then quenched to the transformation temperature using 
helium gas. The extent of transformation was obtained 
from the length change of the specimen, as measured by 
an electronic transducer.
3*3.3 The effect of austenitising treatment on the trans­
formation products
Austenitising temperatures must be carefully chosen in 
order to ensure the complete dissolution of any pearlitic 
carbides present, and sufficient time must be allowed for 
the homogenisation of the austenite.
In order to explore the effect of austenitising time and 
te m p e r a t u r e  on the t r a n s f o r m a t i o n  characteristics, 
specimens were heat treated in the temperature range 920 to 
1050 °C for 5 to 30 minutes. The temperatures were 
maintained within + 2 °C using a thyristor controller. 
These samples were subsequently isothermally transformed as 
described in Section 3.3.4.
The effects of austenitising heat treatment were evaluated 
from metallographic examination and mechanical testing of 
these patented samples. The prior austenite grain size in 
each alloy and condition was again determined using 
partially transformed specimens.
For the alloys studied in this part of the programme, the 
optimum structures and properties were obtained after 
austenitising for 30 minutes at 1000°C. This treatment was 
therefore selected as standard in all subsequent studies.
In order to maximise heat transfer during the whole 
patenting process, all samples were de-scaled mechanically 
prior to austenitisation. In addition, this heat treatment 
was carried out in a dry argon atmosphere to reduce further 
scaling and decarburisation.
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3.3.4 Molten bath isothermal heat treatment
Since the transformation of austen i te to pearlite occurs 
after very short incubation times, to obtain isothermal 
conditions (and hence uniform microstructures) it is 
necessary to carry out the required heat treatment in a 
medium with good hear transfer properties.
In the preliminary study (Chapter 4), both molten salt and 
lead baths were used to fully transform rods prior to 
detailed examination. It was found that s a m ples 
transformed in lead exhibited superior properties, and this 
medium was used therefore ±n all subsequent studies. The 
conditions in the molten bath are also of great importance, 
since in a static medium a temperature build-up can occur 
around the workpiece. All these heat treatments were 
carried out therefore with liquid circulation (generated by 
mechanical stirring). This further improves heat transfer.
A f t e r  a u s t e n i t i s a t i o n ,  s p e c i m e n s  for is o t h e r m a l  
transformation were removed from the high temperature 
furnace, plunged directly into the molten bath, and 
vigoriously agitated (to ensure optimum heat transfer). 
The samples were transformed for various times in the 
temperature range 520 - 680 °C, at 10 °C intervals, then 
water quenched. The temperature of the lead was maintained 
within + 1 °C again using a thyristor controller. The
actual reaction temperature was measured using a chromel- 
alumel thermocouple tshielded by stainless steel) inserted 
in a small hole drilled along the axis of the rod. This 
temperature was recorded as a function of time (e.g. 
Figure 3.1). It can be seen that the temperature remains 
constant after an initial small perturbation. The initial, 
transient temperature rise (5°C) is due to recalescence, 
and was only observed in the heat treatment of large 
samples. This was unavoidable given the relatively small 
lead baths available.
3 . 4 Mechanical Testing
3.4.1 Hardness tests
Hardness values were obtained using a Vickers Diamond 
Hardness machine with a load of 20Kg. Micro-hardness tests 
were carried out using a Durimet Leitz microhardness tester 
with loads of lOOg and 20Og. The tests were performed on 
polished specimens. The hardness values were taken as the 
mean of at least ten impress ions. In cases where the 
specimens dimension were too small for meaningful hardness 
measurements (Hounsfield specimens) to be carried out, the 
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Figure 3.2 Standard metric round tensile test piece.
Gauge length equals five times diameter.
3.4.2 Tensile tests
Rods were fully annealed to facilitate machining of 
Ho'insfield double shouldered specimens (Figure 3.2). These 
specimens were then patented and cleaned prior to tensile 
testing using an ESH 50kN universal testing machine.
Patented rods were also tensile tested using an Instron 
250kN machine at Maggie Rand Limited.
3.5 Metallography
3.5.1 Light microscopy
Samples were mounted in epoxy resin and wet ground with 
silicon carbide papers (220 to 1000 grit), followei by 
diamond lapping to a final 1/4 vim polish.
The pear 1itic structures were etched in a 2% Nital solution 
for 5 seconds. Photomicrographs were obtained using a 
Nikon Optiphot (light) microscope with magnifications up to 
1000 times. Little pearlite was resolvable in this range 
of magnifications.
The prior austenite grain size was measured using the mean 
linear intercept (MLI) method or. partially transformed 
specimens in which the prior austenite boundaries were 
"decorated" with pearlite.
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3.5.2 Scanning electron microscopy (SEM)
Since the pearlite spacings of interest in this study are 
below the resolution limit of the light microscope, SEM was 
used to obtain detailed microstructural information. Two 
instruments were employed; a JEOL T20 and a Cambridge S-IV 
stereoscan. These were operated in the normal scanning 
mode to provide secondary electron images.
Specimen preparation techniques were the same as for light 
microscopy, except that the etching time in Nital was 
reduced to 2 seconds.
Some problems were encountered initially due to 
contamination of the surface during examination. It was 
necessary therefore to ultrason cally clean the specimens 
in alcohol between each polishing and etching stage.
The samples were subsequently coated by sputtering a 20nm 
gold or gold-pallad ium layer using a Polaron SEM coating 
unit E 5100. The film thickness was measured with a 
Polaron film thickness monitor E 5500.
Magnifications up to 60,000 times were obtained by using 
the optimum conditions of the microscope. Photographs were 
taken of at least 20 different areas of each sample.
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3.5.3 Conventional transmission electron microscopy
(CTEM)
3.5.3.1 Replicas
Replicas of the pearlitic structures were obtained using a 
standard 2-stage technique. A cellulose-acetate tape, 
partially dissolved in acetone, was applied to the etched 
surface. After removal from the surface, the replicas were 
shadowed with gold-palladiam using an Edwards evaporation 
unit under the following conditions:
a) 10mm gold-palladium wire, 1.2mm thickness;
b ) shadowing angle 40°; and
c ) distance between source and substrate, 100mm.
This was followed by the further deposition of a carbon 
film (lOnm in thickness). The plastic replicas were then 
cut into 3mm squares, p ced on 3mm diameter grids and the 
cellulose-acetate dissolved in acetone.
3.5.3.2 Thin foils
To prepare thin foils, 3mm d i a m e t e r  discs (0.9mm in 
thickness) were obtained from rods and wires using an 
Isocut low speed diamond saw. These discs were then 
ground on 600 grade silicon carbide paper to a thickness of 
0.1mm. Electro-polishing and thinning were then carried 




P e a r l i t i c  m i c r o s t r u c t u r e s  are d i f f i c u l t  to thin 
electrolytically, due to the markedly different polishing 
characteristics of the ferrite and cementite phases. 
However, some success was achieved using a solution of 5% 
perchloric acid in methanol, an applied voltage of 30-40V 
and a solution temperature of -30°C.
These thin foils were cleaned (and thinned further where 
necessary) by ion bombardment in a Gatan dual ion mill 
model 600.
Both thin foils and replicas were examined in a JEOL 100C 
TEM/STEM.
3.6 Interlamellar Spacing Measurement
In this study, it was decided to determine the inter­
lamellar spacing of pearlite by the measureme.t of the 
average smallest spacing observed in a specimen. This 
value was obtained using the mean linear intercept method 
on secants drawn perpendicular to the finest lamellae 
observed in each of the SEM micrographs. Twenty 
micrographs of each specimen were analysed.
Measurements were made initially using a graticular 
magnifying glass, and subsequently with the aid of a 
Kontron image analyser. This interactive, image analysis
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system (IBAS) was attached to a Zeiss light microscope and 
SEM negatives were observed using transmitted light (Figure 
3.3). The image can be processed and transformed to 
eliminate all but the essential structure, as determined by 
the user. Stereological data can then be obtained and 
printed directly or stored on disc for further processing. 
The programme used to determine interlamellar spacings is 
given in Appendix A.
A Nikon V-12 profile projector attached to a Nikon data 
processor DP-200 for two dimensional measurements was 
utilised in order to carry out interlameliar spacing 
measurements. Reflected and transmitted light facilities 
enabled the analysis of SEM negatives and positives.
3 . 7 Drawing Trials
Drawing trials were carried out on 10 and 12mm diameter 
rods at the R & D department, Maggie Rand Limited, using a 
single hole wire drawing machine (Figure 3.4).
Prior to drawing, the patented rods were pickled in 10% 
inhibited hydrochloric acid at 6 0 °C for 15 to 20 minutes 
and subsequently rinsed in three different water tanks. A 
phosphate coating was then applied at 7 0 °C for 7 minutes 
before rinsing in boiling borax at 9 5 °C for one minute. 
The drawing soap used in the trials was Durpon 624N which 
had been dried at 100*C for 24 hours prior to use.
Figure 3.3 Image analyser; the lamellar structure is
shown on the screen.
Figure 3.4 Wire drawing machine
(a) drum
(b) die box
The design of a typical wire drawing die is shown in Figure 
3 .5 . The complete die set used in all the trials is given 
in Table 3.3, together with the cumulative total true 
train, the reduction in area between passes and the totals
reduction in area
The true strain was calculated from the equation:
e = 21nga 
Di
Where D. is the initial rod diameter (12mm); and
D- is the die diameter
Prior to drawing through each die, one end of the material 
was reduced to the next die diameter using pointing rolls
(Figure 3.6)
Wires were drawn at a standard speed of 0.4m.s <
To reduce overheating of the wire, a water cooling unit 
(Figure 3.7) was placed immediately after the die in order 
to achieve a wire temperature less than 4 0 ‘C within 100mm 
of the exit of the die. Because of length limitations, 
this unit could only be used with the dies of 6.4mm
diameter and less.
B«*ll onqle o f
—  bell ladiui 
Enlcnng angle
A p p r o a c h  angle
—  Bearing zone
—  Back relief angle
S m t c i c d  c a r b i d e  m b
N Steel holder
Figure 3.5 Schematic cross section (not to scale) of
a single-hole die employing a nib of 
sintered carbide mounted in a circular 
steel holder.
Pointing rolls
Water cooling unitFigure 3.7









tion in Area 
(%)
12.00 0 - -
10.76 0.22 19.60 19.60
9.67 0.43 19.20 35.06
8.69 0.65 24.48 47.56
1
7.56 0.92 24.31 60.31
6.42 1.25 27.89 71.37
5.53 1.55 25.79 78.76
4.82 1.82 24.02 83.87
4.25 2.07 22.24 87.45
3.79 2.30 20.50 90.02
3.40 2.52 19.50 92.00
3.15 2.68 14.21 93.11
2.94 2.81 12.88 94.00
3 .8 Wire Testing
3.8.1 Tensile tests
In order to obtain work hardening curves for each alloy, 
tensile specimens of about 200mm length were cut after each 
drawing pass and tested using the Instron universal testing 
machine.
3.8.2 Torsion tests
Torsion and shear tests were performed after the last two 
passes of drawing, to assess the ductility and mode of 
fracture of the wires. In the torsion test, the number of 
twists to failure, on a gauge lengtn equal to 100 times the 
wire diameter, was determined ising a Denison T17M 
machine. The fracture shape and appearance of the wire is 
graded into different categories as listed in Table 3.4.
Torsion test results of a minimum of 20 turns to failure, 
and a B type break are considered to be acceptable.
3.8.3 Shear tests
The shear test was designed by Bridon Wires Limited for 
testing individual wires in order to simulate the high 
stress concentration at contact points in a rope.
The tests were carried out in a standard Instron tensile 
testing machine. The wire test sample is loaded in the 
usual way and a small preload applied. A special hydraulic 
compression jig is then clipped onto the wire specimen. A 
specific pressure (determined by the wire diameter) is 
applied to the compression device and the sample then 
tested to failure in tension. The amount of cross head 
movement between peak load and the point of fracture
Table 3.4 Torsion test piece quality rating
Rating Appearance
i) Even t w i s t i n g  t h r o u g h o u t  the test 
length.
ii) No splitting or waviness.
iii) Fracture clean and square ended.
iv) No secondary (recoil) breaks.
A2 i)
Even t w i s t i n g  t h r o u g h o u t  the t est 
length.
ii) No splitting or waviness.
iii) Fracture clean and square ended.
iv) A secondary fracture with a helical or 
stepped face is permitted.
B i) Even twisting throughout the test 
length.
ii) Slight waviness permitted.
iii) Primary fracture p r e f e r a b l y  s q u a r e  
ended but a slightly stepped or helical 
face is permitted.
iv) A secondary fracture with a helical or 
stepped face is permitted.
C i) May be uneven twisting and only local 
twisting in the worst cases.
ii) Splitting and waviness will be present.
iii) Primary and any secondary fractures 
will usually show a pronounced stepped 
or helical form.
provides a good indication of local elongation. (This is a 
good approximation providing that the specimen length is 
kept reasonably short, e.g. 500-100 times the wire 
diameter). The shear test jig and the fracture types are 
shown in Figure 3.8.
3.8.4 Ageing trials
These tests were carried out to determine whether the 
heavily drawn ultra-high strength wires are subject to 
degradation of their properties by strain ageing. Wires 
drawn to high true strain values were heat treated at 50 °C 
for 1, 10, 50 and 100 hours. Shear tests were then used in 
order to study the combined effect of prior cold work and 




Figure 3.8 Shear test
(a) Instron and shear test jig
(b ) Diagrammatic sketch of shear test 
arrangement
(c) Shear test fracture types:
(1) normal tensile test fracture
(2) ductile shear test fracture
(3) brittle shear test fracture 
After Stephenson et al (198 3)
CHAPTER FOUR - PRELIMINARY INVESTIGATION
4.1 Alloys Compositions
In the selection of alloys for an initial investigation of 
the potential benefits of chromium additions, the chosen 
alloys represent a compromise to some extent. The base 
alloy is an ultra high purity Fe-C composition, while the 
chromium steels, although prepared from high purity oase 
materials, also contain controlled additions of manganese. 
Since these alloys do not contain significant sulphur 
concentrations, the manganese contents are intended to 
represent levels over and above those necessary for 
complete desulphurisation and which might therefore pertain 
to commercial steels.
For these alloys the objectives of the study were to 
determine the transformation characteristics, to determine 
the i n t e r 1 a me 11 ar spacing variations, to test the 
d r a w a b i l i t y  and to measure the patented and drawn 
strengths. The compositions of the alloys used in this 
preliminary investigation are listed in Table 4.1.
Table 4.1 Chemical compositions of the first series of










Fe-C 0.84 n * 0.021
*
lCr-l/4Mn 0.84 0.97 0.25 0.018 *
ICr-lMn 0.85 1.00 1.04 0.019 *
* less than 0.02
4 . 2 Results and Discussion
4.2.1 TTT diagram
4.2.1.1 Metallograpnic determination
The general form of the TTT diagram was determined using 
light microscopy to estimate the percentage transformation 
of the samples transformed at different temperatures and 
times. The a p p r o x i m a t e  curves for the three alloys
examined are reproduced in Figures 4.1 to 4.3.
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Figure 4.2 TTT diagram of the lCr-l/4Mn alloy determined
by metallography









Figure 4.3 TTT diagram of the iCr-lMn alloy as determined
by metallography.
4 . 2 .1. 2 Dilatometric determination
The experimental curves for the three alloys analysed are 
given in Figures 4.4 to 4.6. The average grain size here 
was 175 urn. It can be seen that for the iron-carbon alloy 
the incubation time at the nose of the C-curve is too short 
for accurate determination. However, the form of the curve 
is clearly delineated. For the two alloy steels (lCr-l/4Mn 
and ICr-lMn), the curves are well defined and separated in 
terms of both the pearlite and bainite reactions.
The diagram in Figure 4.7 illustrates the effects of 
combined chromium and manganese alloying additions on the 
transformation characte . ics. The temperature of the 
nose or. the pearlite _gion is raised, the incubation 
period for transformation is significantly increased and 
the pearlite and bainite regions are well separated.
Based on these results, temperatures were selected for the 
lead bath heat treatment which should provide the finest 
pearlit ic microstructures. The heat treatments were 

























































TTT diagrams of the Fe-C, lCr-l/4Mn and 
ICr-IMn alloys.
4.2.2 Metallography of as-patented rods
4.2.2.1 Light metallography
At the higher transformation temperatures, the formation of 
pearlite nodules in these relatively fine grained materials 
was readily detectable, Figure 4.8. In samples which were 
almost fully transformed, it was often difficult to 
distinguish untransformed austenite (now martensite) from 
certain orientations of pearlite colonies. It was also 
impossible in the iron-carbon alloy to distinguish between 
pearlite and bainite, although this was not a problem in 
the alloy steels due to the marked acicular character of 
the latter phase.
Since the lamellar structure could not be resolved in the 
light microscope, these results were used only to determine 
the form of the TTT diagrams as described in Section 
4.2.1.1.
4 . 2 . ? . 2 Scanning electron microscopy (SEM)
For determination of the inter lamellar spacing, scanning 
electron microscopy techniques were used in order to 
resolve the fine microstructures. In order to check that 
the samples were fully transformed, a rapid survey of the 
w h o l e  s u r f a c e  w a s  c a r r i e d  out at r e l a t i v e  l ow 
magnifications of about 3,000 times (Figure 4.9).
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Figure 4.8 Pearlite nodule nucleated at a triple point.
(Light micrograph)
m m m i m
Figure 4.9 SEM micrograph o£ a sample transformed at a low
temperature.
XAt transformation temperatures below the nose of the TTT 
curve, another eutectoid product, upper bainite, was 
observed (Figure 4.10). There was a tendency for this to 
form as a ribbon along prior austenite grain boundaries 
(Figure 4.11). In a number of cases the detailed 
morphology was such that a carbide film was formed at the 
boundary, with a ribbon of free ferrite beside it. The 
bainite morphology was variable, but was always very coarse 
compared with the pearlitic regions of the same specimen.
Due to the different angles of intersection of various 
pearlite colonies with the specimen surface, a very large 
apparent spread in the interlamellar spacing was observed 
(Figure 4.12).
The microstructures of the different steels transformed at 
600 °C are shown in Figure 4.13. A regular lamellar 
structure was observed in all three steels. At higher 
temperatures in the iron-carbon alloy the cement i te 
lamellae increasingly tended to spheroidise.
The variation in the average minimum interlamellar spacing 
with temperature for both alloy steels is shown in Figure 
4.14. The behaviour of a commercial plain carbon steel is 
also included since this represents a more valid comparison 




Figure 4.10 Coarse bainite in a fine pearlite matrix.
(SEM micrograph)
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Figure 4.11 Upper bainite along prior austenite grain 
boundaries in fine pearlite matrix. (SEM 
micrograph)
Figure 4.12 Apparent spread o£ interlamellar spaoings
(SEM micrograph)





Figure 4.13 Microstructures of samples transformed a 1 5 00 °C
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T R A N S F O R M A T I O N  T E M P E R A T U R E  < ° C )
Figure 4.14 Interlamel i.ar spacing as a function of the 
transformation temperature in the Cr-Mn 
alloys compared with a plain carbon steel.
* After Smith and Speirs.
4.2.Z.3 Conventional transmission electron microscopy 
(CTEM)
Thin foil specimens were used to evaluate subs truetural 
characteristics of the steels in the as-patented condition.
In the iron-carbon alloy, most of the pearlite colonies 
appeared extremely regular (Figure 4.15) with both uniform 
spacing and distribution of the lamellae.
In the lCr-1/ 4Mn steels, a more complex pattern of the 
cementite distribution was observed (Figure 4.16). 
However, in the iCr-lMn steel the microstructure was 
greatly refined, with a marked reduction in the 
interlamellai spacing as shown in Figure 4.17.
4.2.3 Mechanical properties
4.2.3.1 Effect of the austenitising treatment
In this initial investigation, the effect of both 
austenitising time and temperature were determined for the 
ICr-lMn alloy. This alloy was subjected to six different 
austenitisation treatments as given in Table 4.2.
The hardness values obtained as a function of the 
austenitising time and temperature are given in Table 4.3 
and plotted in Figure 4.18. It is clear that both time and 




Figure 4.16 Complex pattern of the cementite distribution 
in the lCr-l/4Mn alloy (TEM micrographs)
.17 TEM micrographs of the iCr-lMn alloy, showing.
(a) very fine and uniform pearlite,
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Figure 4.18 The effect of the austenitising time and 
temperature on the hardness of the alloy
iCr-lMn.
Table 4.2 Austenitising treatments for the iCr-lMn
alloy




All the specimens were then quenched into molten lead at 
540°C and held for 15 minutes.
Table 4.3 Hardness as a function of austenitising time








Austenitisation at 920°C may not ensure full homogeneity. 
Areas of relatively clean ferrite were observed which would 
account for the lower hardness values. A temperature of 
950 cC gave the highest values. At 1000 °C, austenite growth 
resulted in a reduction in hardness.
Examination using SEM showed some degree of bainite 
formation in all the specimens. This was more extensive in 
specimens ^ustenitised for the shorter period at the lower 
temperature (920 °C) as shown in Figure 4.19.
4 .2 . 3 .2 Mechanical properties of the as-patented rods
Tensile strength, ductility and hardness were measured in 
samples austenitised at 950 °C for 20 minutes and 
transformed in the temperature range 540 to 660°C. The 
results are listed in Table 4,4 and plotted in Figures 4.20 
to 4.22.
In Figure 4.23, the as-patented strength values are 
compared with a commercial plain carbon steel.
The highest strength and hardness values were measured for 
a structure that v/as found to contain some bainite. The
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Figure 4.19 SEM micrographs of the alloy iCr-lMn 
austenitised at different temperatures for 5 
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L E A D  T E M P E R A T U R E C O
Figure 4.21 Mechanical properties of the lCr-1/4Mn alloy.
610. 630 . 650 .
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Figure 4.23 Tensile strength as a function of the lead bath 
temperature.
largest ductility was measured for a fully pearl itic 
structure, with a regulrr lamellar form. Very low strength 
values were measured for the high purity iron-carbon alloy.
Table 4.4 Mechanical properties of as-patented rods of












520 1037 16.0 320
540 975 18.6 303
560 950 21.3 295
Fe-C 580 901 22.3 280
600 847 24.0 264
620 821 26.1 255
640 772 29.6 240
560 1450 24.6 475
580 1411 26.0 437
lCr-l/4Mn 600 1349 27.0 418
620 1310 45.8 407
640 1188 40.6 370
660 1165 36.1 362
560 1608 22.0 494
580 1475 25.8 457
iCr-lMn 600 1393 29.5 431
620 1327 51.3 413
640 1213 39.0 376
660 1190 27.0 370
Plain - C 505 1290 400
commercial 520 1270 '4* 625 1070 323
* After Franklin et al ( 1980) .
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4.2.4 Drawing trials
4.2.4.1 Mechanical properties of the drawn wires
Drawing trials on the Cr-Mn alloys were carried out at 
Maggie Rand by Dockrat and Neff (1981).
Wires were drawn from 9.42mm diameter rods austenitised at 
9 3 0°C for 8 minutes and transformed at 590°C for 4 minutes. 
The work hardening curves of the alloy steels and of a 
commercial plain carbon steel are plotted in Figure 4.24, 
and the values measured listed in Table 4.5.
A work hardening rate of 4 0 0 M P a per unit strain was 
measured for the lCr-l/4Mn alloy. This is similar to the 
plain carbon steel. A slightly higher value, of 410MPa per 
unit strain was measured for the iCr-lMn alloy.
The maximum as-drawn strength was achieved only with a 
total loss of residual ductility.
4.2.4.2 Conventional transmission electron microscopy of 
the drawn wires
Thin foils were prepared from transverse sections of the 
drawn wires. Transmission electron micrographs (Figure 
4.25) showed a cellular substructure similar to that 
observed bv Embury and Fisher (1966). In colonies in which 
the lamellae were not favourably orientated for slip,
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Figure 4.24 Work hardening curves of the alloys in the 
preliminary investigation.
Figure 4.25 T E M micrographs of as-drawn wires showing 
cellular substructures. (a) Fe-C alloy, (b)
JCr-lMn alloy.
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* After Langford (1977).
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cor i iderable bending and fragmentation of the cementite 
lamellae were observed (Figure 4.26) .
4 . 3 Further Discussion
4.3.1 TTT diagrams
The TTT diagrams were shifted to longer incubation and 
completion times due to the addition of alloying elements 
in agreement with the results reported by Jatczak (1973) 
and Franklin et al (1980). The ICr-lMn alloy showed the 
longest reaction times, ag.^in supporting the evidence of 
Al-Salman et al (19 7 9a) for the same alloy composition. 
The temperature )f the nose of the pear1 ite curve appears 
to be very similar for both alloy steels. This may be 
explained by the bala cing of the well documented effects 
of chromium additions raising the critical temperatures, 
and manganese lowering them.
Although the pearlite and bainite curves are clearly 
separated, they overlap in the temperature range 450 to 
550°Cr as also reported by Kennon and Kaye (1982).
There is a reasonable agreement between the TTT diagrams 
obtained by dilatometry and optical microscopy. The mly 
apparent discrepancy was a shorter incubation time in the 
ICr-lMn diagram obtained metallographically. This is 
almost certainly due to the marked difference in grain size 
of the samples used in the two methods of determination.
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0 .05um
Figure 4.26 Bending and fragmentation of the pear', ite
lamellae as a i?sult of the drawing process. 
(a) Fe-C alloy, (b) iCr-lMn alloy.
0 . 0 5 u m
Figure 4.26 Bending and fragmentation of the pearlite
lamellae as a result of the drawing process.
(a) Fe-C alloy, (b) iCr-lMn alloy.
In order to perform the experiments at temperatures of 
interest for wire drawing, relatively low transformation 
temperatures were chosen in the initial stage, and were 
subsequently increased in order to improve ductility.
4.3.2 Microstructural observations
At low transformation temperatures, the microstructure 
consisted of bainite and pearlite, the amount of bainite 
i n c r e a s i n g  w i t h  the u n d e r c o o l i n g .  For a g i v e n  
transformation temperature, more bainite was observed in 
the lCr-l/4Mn steel. This is in agreement with Fletcher 
(19 78), who has shown that by reducing manganese and 
chromium content the bainite kinetics are accelerated. The 
bainitic structure is detrimental for wire drawing purposes 
because of the coarseness and irregularity of this 
structure.
For the fully transformed samples, it was relatively easy 
to resolve the fine structures in the SEM and to measure 
the interlamellar spacings over many fields of view. The 
lamellar structure appeared to be finer and more uniform in 
the higher manganese steel. Davy and Glover (1568) also 
observed that in steels containing 1/4 and 1/2% manganese 
the pearlite tended to degenerate, while increasing the 
manganese content of a hypo-eutecto id steel to 1 - 2% 
diminished the tendency of the carbides to form as boundary 
films.
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Refinement of the pearli te spacings due to chromium 
additions was reported by Mazzucato et a 1 (1981), while 
conflicting results were reported by the Manchester group: 
Razik et al (1974; 1976) and Al Salman et al (1979a).
On the basis of the present results, the iCr-lMn alloy 
represents a most promising composition for producing a 
uniform, fully pearlitic structure through isothermal 
transformation.
4.3.3 Mechanical properties
4.3.3.1 Effect of the austenitislnq treatment
The purpose of the austenitising treatment is to optimise 
homogeneity and grain size. In this preliminary study, 
austenitisation at 920°C would not be expected to provide 
homogeneity. Austenitising at 1000°C for short times will 
lead to grain growth and a decrease in hardness.
It appears that a holding time of 5 to 10 minutes at 9 5 0 °C 
is the most suitable austenitising treatment, this is 
r e e l e c t e d  in the h a r d n e s s  v a l u e s  o b t a i n e d  af t e r  
transformation. Similar trends were reported by Cahill and 
James (1968b) for a plain carbon eutectoid steel.
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4.3 . 3 . 2 As-patented tensile strength
The tensile strength was found to increase with increasing 
undercooling. Although reduction in tensile strength which 
coincides with the formation of upper bainite was reported 
by Cahill and James (1968a) and Franklin et al (1980), high 
s t r e n g t h  v a l u e s  w e e  m e a s u r e d  for the m i x e d  
microstructures. This v.v be due to the presence of very 
fine pearlite.
A significant difference was observed between the 
ductilities of the iron-carbon and the chromium-manganese 
alloys, as measured by the reduction in area. The 
relatively high as-patented tensile strength measured, 
showed the potential benefit of small manganese and 
chromium additions to a iron-carbon alloy.
While the high-purity plain carbon alloy studied is useful 
for providing theoretical baseline data, the results should 
not be compared in any way with commercial "plain-carbon" 
steels. The latter have manganese additions and 




These initial results derived for the effect of manganese 
and chromium alloying additions are in good agreement with 
the expected influence of these elements on the pearlite 
and bainite transformations. For the development of a 
fine, uniform pearli t i c structure, the iCr-lMn alloy 
appears the most prom is ng by providing a reasonable 
incubation period without excessively increasing the 
completion time for the reaction. A further advantage is 
that the bainitic region is well separated from pearlite. 
But, while the rod tensile properties and as-drawn wire 
strength were better than in a plain carbon steel, the 
Cr-Mn alloys did not reach the project target.
In view of these results, it was decided to investigate 
another range of steels, containing silicon, as will be 
described in the next chapter.
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CHAPTER FIVE - OTHER HIGH-PURITY ALLOYS
5.1 Introduction
Following the preliminary investigation, there was slill a 
demand for higher strength levels. Silicon was selected as 
a promising further alloying addition since it is known to 
produce marked solid solution strengthening of the ferrite.
Silicon in large amounts in a steel is known to reduce the 
ductility, and because of this it is usual to keep the 
silicon content low. Even when used as a deoxidiser the 
limit is generally around 0.3%. However, some spring 
s teels c o n t a i n  up to 2% silicon, and these are 
conventionally drawn prior to the final quenching and 
tempering treatment (Metals Handbook).
The aim of this investigation was to determine whether it 
is possible to develop fine pearlitic structures with 
improved mechanical properties and drawability in silicon- 
containing steels. It was decided to test alloys 
containing a maximum of 2% silicon; and since theie is also 
some retarding influence on the pear 1ite reaction kinetics, 
systematic variations in the total alloy content were made 
by changing the manganese and chromium contents.
Two series of alloys were used in this study. The first 
was prepared at Sheffield University (these are referred to 
as Sheffield alloys) and the second using the facilities at 
the University of the Witwatersrand (Wits alloys). The 
chemical compositions in each alloy series are given in 
Tables 5.1 and 5.2 respectively.











2Si-lMn 0.81 - 1.01 1.89 *
2Si-lCr 0.82 0.98 - 1.88 *
iSi-lCr-lMn 0.83 1.00 0.97 0.98 *
2Si-lCr-lMn 0.86 
n A 'S a
0.97 0.96 1.95 *









S P N Oth­
ers
2Si-lCr 0.80 0.99 1.88 0.0020 0.0012 0.0029 *
2Si-lCi~0.5C 0.46 1.06 1.86 ND ND ND •
2Si-lCr-0.6C 0.61 1.03 1.87 ND ND ND *
2Si-lCr-0.7C 0.67 1.02 1.72 ND ND ND *
2Si-lCr-0.9C 0.92 1.02 1.85 ND ND 0.0046 *
1.7Si-lCr 0.80 1.00 1.65 0.0019 0.0010 0.0024 *
* Less than 0.02% 
ND not determined
5.2 Results and Pi ~cussion
5.2.1 TTT diagram
Isothermal transformation diagrams were determined on]y for 
the high-purity alloys containing a nominal carbon content 
of 0.8%. These were determined again using high speed 
dilatometry, and the experimental curves are shown in 
Figures 5.1 to 5.4. The average grain size in all the 
alloys was approximately 120pm. It can be seen that in 
general the temperature ranges for the pearlite and bainite 
reactions are well defined. This facilitates the selection 
of transformation temperatures which should produce fully 
pearlitic fine microstructures.
The different combinations of alloying elements have 
different effects on the temperature, incubation time and 
completion time of the pearlite reaction. Comparing alloys 
containing 2Si-lCr and 2Si-lMn, it can be seen (Figure 5.5) 
that manganese produces a lower temperature for the nose of 
the pear1ite C-curve and slightly increases the incubation 
time. The time taken for completion of the reaction is 
almost the same, with a minimum time of about 45 seconds.
The effect of adding chromium and manganese together to 
silicon-containing alloys is shown in Figure 5.6. Both the 
2Si-lCr-lMn And iSi-lCr-lMn alloys produce similar TTT 
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Figure 5.5 Combined TTT diagrams of Lhe alloys 2Si-lCj
and 2Si-Mn
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figure 5.6 Combined TTT diagrams o£ the alloys 
ISi-lCr-lMn and 2S i-Cr-lMn
the right relative to the individual effects of chromium 
and manganese: the pearlite incubation time in these
Si-Cr-Mn alloys is approximately 40 seconds compared with 
about 10 seconds for the Si-(Cr or Mn). The time for full 
transformation is also increased to 100 to 110 seconds 
compared with approximately 45 seconds.
5.2.2 Metallography of the as-patented rods
5.2.2.1 Light microscopy
In some of the early experiments, high strength levels were 
obtained, but with very poor ductilities. This was 
attributed to the presence of martensite, since even 
specimens heat treated for times corresponding to 100% 
transformation on the TTT diagrams exhibited small areas of 
this phase.It was considered necessary therefore to conduct 
an investigation with the following aims:
i) to estimate the prior austenite grain size (see
Section 5.2.3.1);
ii) to confirm that the pearlite reaction had gone to 
completion; and
iii) to investigate the uniformity of .no reaction in the 
rod cross-section.
In practical terms the martensite problem was overcome by 
extending transformation times.
118
The uniformity of the reaction was assessed by observing 
the distribution of the pearlite nodules in specimens 
partially transformed at 600°C, as shown in Figure 5.7. It 
can be seen clearly that the nodules are not uniformly 
distributed and that the size of the nodules varies across 
the diameter of the rod. Because of the relatively low 
transformation temperature, some upper bainite was also 
formed, and this may be one of the reasons for the non­
uniformity of the pearlite nucleation. However, the prior 
austenite grain size is clearly delineated.
I t fully transformed samples it was impossible to 
distinguish between the different phases (Figure 5.8).
5. 2.2.2 Scanning electron microscopy (SEM)
All the silicon-containing alloys were studied in the SEM. 
For the 2 S i-1C r alloy, a systematic series of the 
microstructures for different heat treating times and 
temperatures is shown in Figure 5.9.
At 680 °C, the highest lead bath temperature tested, the 
cementite spheroidised during heat treatment (even after 
only 5 minutes). In the temperature range 660 to 60 0 °C 
the pearlite formed became progressively finer. Below 
550 °C the structure began to degenerate and bainite 




Fight micrograph of the 2S i-1Cr alloy 
partially Lranslormed at 600°C following 




Figure 5.8 Light micrograph of a fully transformed
si i net m  e

1 TO TOO 1000
time (secs)
Figure 5 .9  S y s t e m a t i c  s e r ie s  of the  m i c r o s t r u c t u r e s  
of the 2 S i - 1 Cr a l loy su b m i t te d  to d i f f e r e n t  l ead ba th  
t r e a t m e n t s  (SE M m i c r o g r a p h s )
in
E. 6 8 0  C .G m in .
0.3^rr\
D. 6 60  C.i'mm.
1C. 6 30 C, 1 ormn
■ 2 M m .,
B. 6 0 0°C ,15m in .




structure increased with decreasing transformation 
temperature.
The other alloys investigated revealed broadly similar 
structural changes over the transformation temperature 
ranges examined. The main differences can be considered by 
comparison with the results for the 2Si-lCr alloy. The 
iSi-lCr-lMn alloy produced a fairly regular, although 
coarser, pearlitic structure below 630 °C (Figure 5.10).
The 2Si-lMn and 2Si-lCr-lMn alloys produced a degenerate 
pearlite showing segmentation of the cementite lamellae for 
all the temperatures tested (Figure 5.11). These materials 
were therefore not considered to be suitable for further 
processing and evaluation.
The effect of holding time at the transformation
temperatures on the microstructures was examined for the
2 S i -1C r and iSi-Cr-lMn alloys. The times at the
transformation temperatures required before the onset of
spheroidisation are summarised in Table 5.3. Some of the
corresponding microstructures are shown in Figures 5.12 and 
5.13.
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Figure 5.10 Fully transformed structures
(a) 2Si-iCr at 660 °C for 5 minutes
(b) ISi-lCr-lMn at 6 30 °C for 15 minutes 
(SEM micrographs)






11 SEM micrographs showing degenerate pear— 
1ite and fragmentation of the cementite 
lamellae
(<a ) 2S i-1Mn ; and
(b) 2Si-lCr-lMn both transformed at 590°C 
for 15 minutes
(b)
Figure 5 Spheroidised microstructures obtained for 
?58()°CVelY l0W tranaformation temperature
(a) 2Si-ICr, 60 minutes
(b) ISi-ICr-lMn, 45 minutes 
(SEM micrographs)
. . .  <  ^




Ficjure 5.13 Spheroid i sed microstructures accer trans- 
forming at relatively high temperatures 
* fSi-lCr held at 690°C for 10 minutes
= L  n held at 650 °c for 15 minutes(SEM rn crographs ) .
Table 5.3 Transformation times and temperatures required 
before the onset of spheroidisation in the 










5.2.2.3 Conventional transmission electron microscopy (CTEM)
Thin foils and replicas were prepared from those as- 
patented samples which showed the most uniform pearlitic 
structure (in the SEM); i.e. the 2Si-lCr alloy.
The replicas produced were not generally suitable for 
detailed analysis of interlamellar spacings. However, they 
did reveal the fine, regular nature of the pearlite (Figure 
5.14). Similar observations were made in thin foils 
(Figure 5.15a) although some segmented cementite was 
occass iona1ly observed (F gure 5.15b). Although inter­
lamellar spacings could be determined accurately in these 
foils, the practical problems involved in tilting 
experiments combined with the extremely small areas of 
observation precluded meaningful statistical analysis. 
Since most pearlites in this study could be resolved using 
SEM techniques it appears that this is adequate for 
studying the as-patented structures.
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Figure 5.14 TEM replicas of as-patented structures 
tlie 2S i - iCr alloy, transformed
different times and temperatures 
( a ) 610 °C, 5 mini tes
( b ) 64 0 °C, 5 minutes





Figure As-patented strictures of the 2Si-lr'r
alloy transformed at 660'C for 5 minutes 
showing:
(a) a regular pearlitic structure 
< b) fragmentation of the lementite lamellae 
('Ihin foils TEM micrographs)
5.2.3 Effect of the austenitisinq treatment on the oear- 
lite properties " ----
The effect of both austenitising time and temperature on 
the prior austenite grain size, microstructure and tensile 
properties were determined for the 2Si-lCr alloy.
Hounsfield specimens were subjected to the nine different
austenitising treatments listed in Table T.4.
Table 5.4 Austenitising treatments of the 2Si-lCr alloy.
Temperature ( °C) Time (Minutes)
950 5 15 30
1000 5 15 30
1050 5 15 30
5 . 2 . 3 .1 Pj_ior austenite grain size and microstructure
The prior austenite grain size was measured for specimens 
austenitised at the temperatures listed in Table 5.4 for 30 
minutes and partially transformed at 600 °C prior to water- 
quenching. The grain size was measured using the mean 
linear intercept method and the values obtained as a 
function of the austenitising temperature are plotted in
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Figure 5.16. The finest grain size (75pm) was obtained, as 
expected, for the lower austenitising temperature.
SEM studies were carried out on all the samples subjected
to different austenitising treatments and transformed at
600 °C for 5 minutes. The resulting micrographs are given
in Figure 5.17. Austenitising at 950 °C produced a
structure along the prior austenite grain boundaries that
appears baini tic. However, this structure could be free
ferrite plus carbide caused by incomplete carbide 
dissolution.
In samples austenitised at 1000 °C a similar structure was 
observed after a holding time of 5 and 10 minutes. 
However, a longer soak of 30 minutes produced a very fine 
and uniform lamellar pear1ite structure.
Austenitising at 1050-c appeared to lead to some degree of 
spheroidisation of the cementite lamellae on subsequent 
transformation.
5 . 2 . 3 . 2 As-patented tensile strength
Hounsfield specimens were tested which had been submitted 
to the different austenitising treatments and transformed 
at 600°c for 5 minutes. The properties obtained are given 
in Table 5.5 and plotted in Figure 5.18.
P R I O R  A U S T E N I  IE G R A I N  S I Z E  (Pm)
Figure 5.16 Prior austenite grain size of the 2Si-lCr
alloy as a function of the austenitising 
temperature (holding time 30 minutes)

A u s t e n i t i s i n g  t e m p e r a t u r e (  °C)
1 0 5 0







Figure 5 .17  Effect  of the austenit is ing t re a tm e n t  
on the m icrostructure  of the 2 S i - 1 C r  a l loy transform ed  
at 6 6 0  C for 5 minutes.
0 . 5 / * ™
, 100/tm |
, 100/im|
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• M I M)T I M E
Effect of the austenitising treatment, on 
the tensile properties of the 2Si-l_r 
alloy
Table 5 5 Effect of the austenitising treatment on the 
as-patented properties of the 2Si-lCr alloy 
(transformed at 600 °C for 5 minutes)
Time 950



























5 1346 415 50 1397 433 42 1356 422
33
15 1377 427 41 1402 434 37 1360 423 31
30
i
1396 430 39 1420 442 33 1366 426 29
A small variation in tensile strength (SOMPa) and a larger 
variation in ductility (20%) were observed for the 
d i f f e r e n t  t r e a t m e n t s .  The d u c t i l i t y  d e c r e a s e d  
systematically as austenitising time and temperature were 
increased, but the strength and hardness showed maxima for 
each time at 1000 °C.
5.2.4 Interlamellar spacing measurements
The interlamellar spacings were determined by measuring the 
average smallest spacing observed in a specimen.
A characteristic image analyser plot is shown in Figure 
5.19. The chord length ("x" axis) gives the actual 
measurement of the spacings, the frequency of the specific
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I I I T E R L h I I E L L h R S P h C I I IG  MEASUREMENTS
IIEhII CHORD LENGTH
100 1:5 150 175
CHORD LENGTH = Nil
.19 Image analyser plot of tho interlameliar 
spacings measurements.
spacing is plotted in the "y" axis. For each specimen, 
twenty different graphs were plotted and the average 
smallest spacing was calculated.
Figure 5.20 shows the variation of the interlamellar 
spacing with transformation temperature for the different 
s i l i c o n - c o n t a i n i n g  alloys. As e x p e c t e d  the
interlamellar spacing decreases with transformation 
temperature. The smallest spacing were associated with a 
bainite containing structure. Optimum combinations of high 
strength with adequate ductility were found at higher 
transformation temperatures, which produced the finest, 
regular fully pearlitic microstructures.
The effect of carbon content on the interlamellar spacing 
of the 2Si-lCr alloy is plotted in Figure 5.21. It can be 
seen that an increase of 0 1% carbon led to a decrease of 
the interlamellar spacing by +10nm.
The influence of the prior austenite grain size on the 
interlamellar spacing was also tested. However, this 
parameter appeared to have no influence.
The effect of silicon additions on the interlamellar 
spacing of the iCr-lMn alloy is shown in Figure 5.22.
A decrease in spacing was observed due to the addition 
of 1% silicon. However, increasing the silicon content by
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555. 570. 585. 600. 615. 630. 645. 660. 675. 690.
R A N S F O R M A T 1 0 M T E M P E R A T U R E  ( °C )
Figure 5.20 Variation of the inter!amellar spacing with 
transformation temperature for different 
silicon containing alloys. The values are 
compared with a plain carbon steel.
* After Smith and Speirs.
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Figure 5.22 Effect of silicon content on the inter 1amellar 
spacing of the iCr-lMn base alloy.
a further 1% to form 2Si-lCr-lMn had a marked effect. The 
apparent anomalous behaviour in the 2Si-lCr-lMn alloy 
(which increased the spacing) is due largely to the 
extremely degenerate structure produced which made 
interlamellar spacings measurements meaningless.
5.2.5 As-patented tensile properties
Tensile tests were carried out on the Sheffield alloys 
using Hounsfield specimens. An austenitising treatment of 
30 minutes at 1000°C was employed prior to isothermal 
transformation. Great difficulties were encountered while 
conducting these tests due to continuous axial defects 
derived from secondary pipes present in the original cast 
ingots, mainly in the 2Si-lCr alloy.
The tensile strength and ductility values are given in 
Table 5.6. For low transformation temperatures, high 
tensile strengths and low ductilities were measured in all 
the alloys. The tensile strength decreased with increasing 
transformation temperatures, while ductility increased.
The effect of chromium or manganese additions on the 2Si 
alloy is shown in Figure 5.23. The strength levels of the 

















L E A D  T E M P E R A T U R E  <* C )
Figure 5.23 As-patented mechanical properties of 
2Si-lCr and 2Si-lMn alloys.
Table 5.6 As-patented properties of the Sheffield silicon- 
containing alloys.
Lead Bath U.T.S. R.A. Hardness
Alloy Temp. ( °C) (MPa) (%) (VPN)
550 * 1430 11.2 443
570 * 1380 12.1 429
2Si-lMn 580 * 1360 12.7 423
f00 * 1320 20.5 410
640 * 1286 32.2 399
55' * 1690 6.0 517
570 * 1680 8.0 514
580 * 1570 11.1 484
590 * 1550 15.3 479
2Si-lCr 620 * 1460 23.4 452
630,5 min. 1432 27.6 443
640,5 min. 1415 30.0 439
660,5 min. 1400 34.0 428
680,5 min. 1316 24.1 410
550 * 1680 8.1 514
570 * 1570 11.9 484
590 * 1500 17.2 464
iSi-lC^-lMn 600 * 1460 19.1 452
610 * 1390 20.9 431
620 * 1330 23.7 413
630 * 1316 29.0 410
650 * 1234 30.1 382
570 * 1690 8.0 517
580 * 1634 12.0 508
2Si-lCr»lMn 590 * 1620 13.2 497
600 * 1560 14.1 480
620 * 1470 17.5 463
640 *
.......  -  -
1414 19.8 437
* Transformation time - 15 minutes.
The effect of different silicon additions to the iCr-lMn 
alloy is shown in Figure 5.24. A marked improvement in 
the strength of the ICr-lMn alloy was achieved due to the 
silicon additions. Addition of 1% silicon showed an 
improvement of 100 MPa in the temperature region of 
interest. Further addition of 1% silicon (2Si-lCr-1Mn) 
showed significant increase in strength.
Improved casting techniques were used to produce the Wits 
alloys, and no effects from secondary pipes were observed 
in the fabricated 2Si-lCr rods. Thv, allowed more accurate 
data to be obtained. The results of the rod tensile tests 
carried out on 12mm diameter rods of the 2Si-lCr Wits alloy 
are listed in Table 5.7.








610 °C, 15 min. 1477 29
6 40 °C, 15 min. 1444 30
640 °C, 10 min. 1414 34



































































L E A H  T E M P E R A T U R E  <*C >
Figure 5.24 As-patented mechanical properties of the 
iSi-lCr-lMn, 2Si-lCr-lMn and iCr-lMn alloys.
From these determinations of the tensile strengths and 
corresponding ductilities it was possible to select the 
best combination for further drawing trials.
5.2.6 The effect of carbon contents
Since carbon is known to be a potent strengthening agent, a 
series of alloys was prepared with different carbon 
contents in o 3er to investigate its influence on structure 
and properties. These alloys were based on the 2Si-lCr 
composition with nominal carbon contents of 0.5 to 0.9% 
carbon.
The eutectoid carbon concentration is reduced by alloying 
with silicon and chromium and a value between 0.6 to 0.7% 
would be predicted for this 2Si-lCr base. However, using 
the given patenting conditions no pro-eutectoid cementite 
was detected in the structures of the hyper-eutectoid 0.8 
and 0.9% carbon alloys.
The tensile properties of these alloys are listed in Table
5.8 and plotted in Figure 5.25. It can be seen that the 
tensile strength increased with increasing carbon content, 
as expected, while the ductility decreased. Since the 
strength values of the 2S i - iCr - 0.5, 0.6 and 0.7 C alloys 
were very low, compared with those of the 0.8 and 0.9 C 
steels, they were excluded from further investigations.
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Figure 5.25 The effect of carbon content on the
te..sile properties of the 2Si-lCr alloy.
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The effect of carbon content on the 
te..sile properties of the 2Si-lCr alloy.
Figure 5.25
Table 5.8 The effect, ot carbon-content on the tensile 






















2Si-lCr-0.7C 655 1200 35.1
660 1133 28.6
620 1460 27.0
630 14 3 2 29.0






2Si-lCr-0.9C 660 1413 30.0
665 1387 33.0
670 1384 26.2
The microstructures of the 2Si-lCr alloy were described in 
detail in Section 5.2.2.2. The microstructures of the 
2Si-lCr-0.9C in the as-patented condition are shown in 
Figure 5.26. It can be seer that transformation for 5
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figure 5.26 SKM micrographs of the 2Si-lCr-0.9C alloy
transformed at 665 °C for
(a) 5 minutes;
(b) 10 minutes.
m i n u t e s  o f  6C3 °C p r o d u c e d  a very f i n e  a n d  u n i f o r m  p e a r l itic 
s t r u c t u r e  ( F i g u r e  5.26a). A s l i g h t l y  l o n g e r  s o a k  (10 
m i n u t e s )  a t  t h i s  t e m p e r a t u r e  i n i t i a t e d  s p h e - o i d i s a t i o n  c  
t h e  c e m e n t i t e  l a m e l l a e  ( F i g u r e  5.26b).
5.2.7 Drawing trials
Based on industrial experience, 25% ductility (R.A.) in the 
as-patented condition is required to provide adequate 
drawability. To achieve the goal of a drawn tensile 
strength of 2500MPa, given a <_alistic work hardening rate, 
an as-patented tensile strength of approximately 1400 ^a is
required.
These criteria were therefore used in the selection of 
alloys and heat treatments for subsequent drawing trials.
5 . 2 .7 .1 Initial drawing trials on the 2Si-lCr-0.8C allqY
In the initial drawing trials the 2Si-lCr alloy was 
a u s t e n i t i s e d  at 1000 °C for 30 m i n u t e s  prior to 
transformation at the temperatures listed in Table 5.9. 
(No water cooling was used at this stage of the research).
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Tahie 5.9





Samples were drawn from a nominal 10mm diameter rod to a 
final 3.15mm wire. The work hardening curves for tne 
different samples are plotted in Figure 5.27 and the 
corresponding data is listed in Table 5.10.
It can be seen that the work hardening rate changes with 
transformation temperature. A minimum of 315MPa per unit 
strain was measured after transforming at 610°C, and a 
maximum of 375MPa per unit strain at 660°C.
The wire drawn from the rods transformed according to Table
5.9 exhibited high tensile strengths and very high 
remaining ductilities. It was decided therefore to use • e 
same heat treatments in the subsequent tests carried out on 
the 2Si-lCr Wits alloy. This material was drawn from 12mm 
diameter rod to 3.15mm wire. This permitted the study of 
the effect of greater drawing reductions (to a true strain
of 2.68).
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Figure 5.27 Work hardening curves of the 2Si-iCr 
Sheffield alloy. (The error in each 
measurement is indicated by the error ba 
on the diagram).
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610 0.88 1726 37.0






640 0.88 1747 45.6






640 0.88 1699 41.0





660 0.88 1711 40.9




The work hardening curves of the 2S i-iCr Wits alloy are 
plotted in Figure 5.28 and the corresponding data given in 
Table 5.11. The work hardening rate was an average of 
440MPa per unit strain, independent of the heat treatment, 
a more realistic result than that obtained for the 25i-lCr 
Sheffield alloy.
The rods transformed at 610 and 640°C reached the limit of 
drawabi 1 ity after drawing to a true strain of only 1,55, 
and achieved a corresponding strength of 2200MPa. The rod 
transformed at 660°C for 5 minutes, had an extremely high 
strength of 2700MPa and 36% ductility. Unfortunately the 
shear and torsion tests showed no remaining ductility: the 
shear elongation value was zero, and the torsion test gave 
a " C" type break after just 19 turns per 100 diameters.
5.2. 7.2 Effect -f water cooling
Wire ductility appears to be related to the heat generated 
during drawing, since if this is in excess of lu0-150°C 
ageing can occur. In consequence, careful attention must 
be paid to water cooling ultra-high tensile wires during 
drawing.
Attempts to measure the temperature of the wire after each 
pass of the drawing using a contact thermocouple and a 
digital thermometer were not very successful, due to the 
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in an attempt to determine the influence of water cooling 
on the final properties of drawn wire, two different 
drawing trials were carried out. In one test, water 
cooling was used after the 6.42mm diameter ( e >  1.25) -nd
all successive dies, and drawing was continued to a true 
strain of 2.81. The mechanical properties after each pass 
and the wire test results are given in Table 5.12. In the
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other trial, water cooling was applied only after the 
3.79mm diameter die ( e - 2.30). The results of this test 
are given in Table 5.13.
^ o m  these results it is clear that water cooling does 
Improve the ductility of the wires, while the decrease in 
strength is rather small. As a result of the water 
pooling, wires of 3.7mm and less were found to be almost at 
room temperature immediately after drawing. In all the 
subsequent drawing trials water cooling was used from the 
6.42mm diameter die.






















1.82 207 5 48.2
2.01 2200 52.1
2.30 2300 52.0
2.52 2415 47.6 1.4 29A2
2.68 2580 37.1 1.6
30Ai
| 2.81 2640 34,0 0.9
Split
* water cooling applied from this die onwards.
'.6
/Table 5.13 A s - d r a w n  p r o p e r t i e s  o f  t h e  2Si-lCr Wits alloy, 
u s i n g  w a t e r  c o o l i n g  a f t e r  t h e  3.79mm and 
s u c c e s s i v e  d i e s .

























2.52 2460 43.7 1.3
15A2
2.68 2540 42.0 0.8
33B
2.81 2684 33.0 1.0
23C
5 . 2 . 7 . 3  D r a w i n g  t r i a l s  o f  o t h e r  s i l i c o n - c o n t a i n i n g  a l l o ^
The as-drawn properties of the 2Si-lMn, ISi-lCr-lMn and 
2Si-lCr-0.9C alloys were evaluated. The 0.9C wire was 
drawn from 12mm rod, and the other two alloys from nominal
10mm diameter rods.
The data obtained from the different drawing trials is 
listed in Table 5.14. The work hardening curves of the 
2S'-iMn and ISi-lCr-lMn alloys are compared with the
137
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Table 5.14 As-drawn properties of other silicon-containing































































































2Si-lCr alloy in Figure 5.29. The measured work hardening 
rates for these three alloys were 324MPa, 384MPa and 43?MPa 
per unit strain, respectively.
The effect of carbon content on the work hardening rate can 
be seen by comparing the work hardening curves of the 
2Si-lCr-0.8C and 2Si-lCr-0.9C alloys (Figure 5.30). The 
work hardening rate of the 0.9C alloy was found to be 
458MPa per unit strain, an improvement of 20MPa per unit 
strain on the 0.8C alloy. After drawing the 0.9C steel to 
a true strain of 2.67, a sharp increase in strength and 
decrease in ductility were noticed. This may be due to 
ageing during the drawing process.
For ease of reference and rapid comparison, the major 
properties determined for patented rods and drawn wires m  
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47.0 1.4 31 A2
1. 7Si-lCr* 
660 °C f 0 1317 37.5
5 min.
93 2500 35.5 1.2 25.5B
* all 0.8':.
5.2.8 T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  of d r a w n  w i r e s
Transverse sections of wires subjected to different drawing 
reductions were studied using CTEM. Many thin foils of all 
the alloys were studied and the same observations were made 
in each. Representative micrographs illustrating the main 
features of the drawn structure are described below.
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The refinement of the pearlite structure with increasing 
drawing reductions can be seen in Figure 5.31. Well-
defined cellular substructures are also clearly evident.
In the final drawing stages, a progressive decrease in the 
interlamellar spacing and in the width of the lamellae was 
observed, as well as some fragmentation of the lamellae
(Figure 5.32).
The alignment of the lamellae in the longitudinal (drawing) 
direction can be seen in Figure 5.33. The gradual 
development of the rings in the diffraction patterns due to 
texture formation is shown in Figure 5.34.
5.2.9 R e p r o d u c i b i l i t y  o f  r e s u l t s
The results obtained indicated that the most promising 
alloy was that containing 2Si-lCr. It was decided 
therefore to confirm that consistently good mechanical 
properties could be achieved in this alloy by comparing the 
results obtained from different melts of similar 
composition. The analyses of the major elements are given
in Table 5.16.
A s - p a t e n t e d  t e n s i l e  s t r e n g t h s  w e r e  m e a s u r e d  i n  H o u n s f l e l d  
a n d  r o d  s p e c i m e n s  f r o m  t h e  d i f f e r e n t  b a t c h e s  a n d  t h e  








Figuci 5.31 A s - d r a w n  s t r u c t u r e s  o f  t h e  2Si-lCr alloy 
s u b j e c t e d  to d i f f e r e n t  d r a w i n g  r e d u c t i o n s .
(a) 79%;
(b) 87,5%
(TEM m i c r o g r a p h s )
JNnfl--
F i g u r e As-drawn microstructures of wires drawn to 
9 3% reduction.
(a) Refinement of the lamellar structure;
(b) Fragmentation of the cement ite 
lamelLae.
(TFM micrographs)
F i a u r e  5 33 Alignment of the cementite lamellae in t h e




4 E l e c t r o n  d i f r a c t i o n  p a t t e r n s  o b t a i n e d  f r o m  
m a t e r i a l  w i t h  d i f f e r e n t  d r a w i n g  r e d u c t i o n s ,
(a) 79%
( b )  87.5%









V - 5 0 0.83 1.85
1.04
V - 5 2 0.8 1.64 0.98
V - 85 0.8 1.83 0.99
V - 86 0.8 1.91 1.00
The results obtained during the drawing trials on the 
different steels are given in Table 5.17. The relatively 
high as-drawn tensile strength obtained for batches V-50 
and V-52 were probably due to ageing, since appropriate 
water cooling was not introduced in the initial stages of 
the research. Nevertheless, it is clear that consistently 
high strength wi h adequate residual ductility can be
achieved.
The results obtained therefore are reliable and can be used 
as a basis for further research.
Table 5.17 A s - d r a w n  properties of different melts of the 
2Si-lCr Wits alloy.
UTS
( M P a ) B a t c h  N u m b e r
T r u e
strain









w a t e r  C o o l i n gNo W a t e r  Coo l i n gA s - d r a w n
4023R . A
S h e a r
elongation 1.650.65
B r e a k  type
5 . 3 F u r t h e r  D i s c u s s i o n
5.3.1 TTT diagrams
E x a m i n a t i o n  o f  t h e  T T T  d i a g r a m s  o f  t h e  d i f f e r e n t  a l l o y s  
s h o w e d  t h a t  t h e  S i - M n  a n d  S i - C r  a l l o y s  h a d  s h o r t e r  
i n c u b a t i o n  p e r i o d s  t h a n  t h e  S i - C r - M n  a l l o y s .  A s i m i l a r  
e f f e c t  w a s  o b s e r v e d  f o r  t h e  c o m p l e t i o n  t i m e  o f  t h e
reaction.
S o m e  i d e a  o f  t h e  e f f e c t s  o f  i n d i v i d u a l  e l e m e n t s  c a n  b e  
d e d u c e d  b y  c o m p a r i n g  t h e  t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s  o f  
t h e  a l l o y s  s t u d i e d  i n  t h i s  p a r t  o f  t h e  i n v e s t i g a t i o n  w i t h  
t h o s e  o f  t h e  e a r l i e r  I C r - l M n  c o m p o s i t i o n .
The 2Si-lMn alloy then represents the substitution of 1% 
chromium by 2% silicon. This decreased the incubation time 
from 25 to 12 seconds, w h i l e  the t e m p e r a t u r e  of the 
pearlite "nose" remained unchanged at 620 C.
The substitution of 1% manganese by 2% silicon can be 
assessed by comparison of the ICr-lMn with the 2Si-lCr 
alloy. The incubation period was reduced further (to 10 
seconds) and the temperature of the nose of the C curve was
increased (to 670°C).
T h e  c u m u l a t i v e  e f f e c t  o f  s i l i c o n  a d d i t i o n s  t o  t h e  I C r - l M n  
a l l o y  c a n  b e  s e e n  i n  t h e  a l l o y s  I C i - l C r - l M n  a n d
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2Si-lCr-lMn. The addition o£ X% silicon increased the 
incubation time (from 25 to 40 seconds) but had little 
effect on the temperature of the pearlite nose. Further 
silicon additions (2%), also increased the incubation 
period (to 40 s econds) and lowered the temperature of the 
nose of the pearlite C-curve (to 600°C).
The findings for tne 2Si-lCr and 2Si-lMn steels are in 
agreement with Cockett and Davis (1963), Franklin et al 
,1960) and Al-Salman et al (1979b) who observed that the 
addition of silicon to s eutectoid steel caused the 
displacement of the nose of the TTT curve to higher 
temperatures, and to slightly longer times.
Although the incubation time in the steels is significantly 
greater than a plain carbon eutectoid steel, the 
transformation to pearlite is still quite rapid. Thus, 
such compositions appear suitable for the development of 
uniform fine pearlite microstructures using existing 
commercial facilities.
5 , 3 , 2  Microstructural o b s e ry a^Jjons
In the light microscopy investigation of partially 
transformed samples it was observed that the pearlite 
nodule size and distribution was not uniform. This 
suggested that the use of starting material in the as-cast
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a n d  r o l l e d  c o n d i t i o n  w a s  n o t  s a t i s f a c t o r y  i n  t e r m s  o f  
a c h i e v i n g  c o m p l e t e  h o m o g e n e i t y  d u r i n g  a u s t e n i t i s a t i o n .  
F u r t h e r  c o n s i d e r a t i o n  s h o u l d  b e  g i v e n  t h e r e f o r e  t o  t h e  
a p p l i c a t i o n  o f  a  h o m o g e n i s a t i o n  h e a t  t r e a t m e n t .
i n  t h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e ,  t r a c e s  o f  u p p e r  
b a i n i t e  w e r e  f o u n d  f o r  l o w  t r a n s f o r m a t i o n  t e m p e r a t u r e s  i n  
a l l  t h e  a l l o y s .  T h e s e  w o u l d  b e  d e l e t e r i o u s  t o  m e c h a n i c a l  
p r o p e r t i e s  a n d  h i g h e r  t r a n s f o r m a t i o n  t e m p e r a t u r e s  w e r e  
c h o s e n  i n  m a t e r i a l s  u s e d  f o r  d r a w i n g  t r i a l s .
T h e  m o s t  r e g u l a r  a n d  u n i f o r m  l a m e l l a r  s t r u c t u r e  w a s  
o b s e r v e d  i n  t h e  2 S i - l C r  a l l o y .  T h i s  i s  i n  a g r e e m e n t  w i t h  
M e h l  a n d  H a g e l  ( 1 9 5 6 ) .  I n  a s t u d y  o f  t h e  p e a r l i t e  
c u r v a t u r e  i n  d i f f e r e n t  s t e e l s  t h e y  m e n t i o n e d  t h a t  s i l i c o n  
s t e e l s  e x h i b i t  a " s t r a i g h t e r "  p e a r l i t e .
T r a n s f o r m i n g  t h e  2 S i - l C r  a l l o y  a t  6 6 0 " C  f o r  5 m i n u t e s  l e d  
t o  t h e  f o - m a t i o n  o f  v e r y  f i n e  p e a r l i t e .  I n  t h i s  a l l o y  t h e  
c e m e n t i t e  t e n d s  t o  s p h e r o i d i s e  v e r y  r a p i d l y  i f  t h e  s o a k i n g  
t i m e  i s  i n c r e a s e d  t o  o n l y  t e n  m i n u t e s ,  o r  i f  t h e  
t r a n s f o r m a t i o n  t e m p e r a t u r e  i s  s l i g h t l y  i n c r e a s e d  t o  6 8 0 ° C .
I t  i s  k n o w n  t h a t  h e t e r o g e n e o u s  a u s t e n i t e  p r o m o t e s  t h e  
t r a n s f o r m a t i o n  o f  a u s t e n i t e  t o  s p h e r o i d i s e d  m i c r o s t r u c t u r e s  
( K r a u s s  ( 1 9 8 0  ) ,  P a r u s o v  e t  a  1 ( 1 9 7  8 ) ) .  I t  h a s  b e e n

















• o Optical microscopy 




Figure 5 . 3 5 Progress of spheroidisation at 700 C of 
fine, medium and coarse pearlites in a 
steel containing 0. 74%C and 0 . 7 1 % S i .  
After Chattopadhyay and Sellars(1977)
'difficult it is to spheroidise it, and that more regular 
finer pearlite structures spheroidise easily and rapidly 
(Reed H i l l  ( 1 9 6 4 )  and Chattopadhyay and Sellars ( 1 9 7 7 ) ,  
(Figure 5 . 3 5 ) ) .  Spheroidised microstructures are stable 
because the cementite particles then have minimum 
interfacial area per unit volume.
G u i v a  e t  a l  ( 1 9 7 8 )  p r o p o s e d  a  m o d e l  f o r  t h e  s p h e r o i d i s a t i o n  
o f  p e a r l i t e  i n  t e r m s  o f  t h e  n u c l e a t i o n  a n d  g r o w t h  o f  a r e a s  
of g r a n u l a r  fe r r i t e - c a r b i d e  m i x t u r e s .  I t  w a s  f o u n d  that i n  
h i g h  c a r b o n  s t e e l s ,  s i l i c o n  a d d i t i o n s  e n a b l e d  t h e s e  
g r a n u l a r  a g g r e g a t e s  t o  f o r m  o v e r  a  r e l a t i v e l y  w i d e
t e m p e r a t u r e  r a n g e .
I t  h a s  a l s o  b e e n  s u g g e s t e d  t h a t  s i l i c o n  m u s t  a f f e c t  t h e  
s u r f a c e  e n e r g y  o f  F e ^ C  ( G . D . W .  S m i t h ,  1 9 8 3 ) .  T h u s  t h e  
r a p i d  s p h e r o i d i s a t i o n  o f  c e m e n t i t e  i n  t h e  2 S i - l C r  a l l o y  m a y  
b e  d u e  t o  a  c o m b i n a t i o n  o f  a l l  t h e s e  f a c t o r s :  g r a n u l a r
m i x t u r e  f o r m a t i o n ,  s u r f a c e  e n e r g y  e f f e c t s  a n d  a u s t e n i t e
h e t e r o g e n e i t y .
5 . 3 . 3  T h e  e f f e c t  o f  t h e  austenitisingjtrea±ment.
D i f f e r e n t  a u s t e n i t i s i n g  c o n d i t i o n s  w e r e  t e s t e d  f o r  t h e  
2 S  i - l C r  a l l o y .  T h e  h i g h e s t  a s - p a t e n t e d  s t r e n g t h  w a s  
o b t a i n e d  f o r  a n  a u s t e n i t i s i n g  t e m p e r a t u r e  o f  1000 °C. 
A l t h o u g h  t h i s  r e s u l t e d  i n  t h e  l o w e s t  d u c t i l i t y  o b s e r v e d ,  i t
w a s  s t i l l  s u f f i c i e n t  f o r  f u r t h e r  d r a w i n g  t r i a l s .  A n  
a u s t e n i t i s i n g  t e m p e r a t u r e  a b o v e  1 0 0 0  °C p r o d u c e d  o n l y  
s l i g h t l y  l o w e r  s t r e n g t h ,  d e s p i t e  a  c o n s i d e r a b l e  i n c r e a s e  i n
g r a i n  s i z e .
A u s t e n i t i s i n g  t e m p e r a t u r e s  b e l o w  1 0 0 0 %  w e r e  f o u n d  t o  b e  
i n s u f f i c i e n t  t o  p r o d u c e  o p t i m u m  p r o p e r t i e s .  S i m i l a r  
r e s u l t s  w e r e  o b t a i n e d  b y  C a h i l l  a n d  J a m e s  ( 1 9 6 8 a )  f o r  a n  
a u s t e n i t i s i n g  t e m p e r a t u r e  o f  9 6 0 °C.
Low a u s t e n i t i s i n g  t e m p e r a t u r e s  p r o d u c e  a  f i n e r  g r a i n e d  
a u s t e n i t e .  T h i s  r e d u c e s  t h e  i n c u b a t i o n  t i m e  f o r  p e a r l i t e  
f o r m a t i o n  a n d  t r a n s f o r m a t i o n  m a y  o c c u r  a t  p r o g r e s s i v e l y  
h i g h e r  t e m p e r a t u r e s .  P e a r l i t e  i s  t h e r e f o r e  f o r m e d  i n  t h e  
r e g i o n  o f  t h e  n o s e  o f  t h e  T T T  c u r v e ,  w e l l  a b o v e  t h e  
t e m p e r a t u r e  r e q u i r e d  t o  p r o d u c e  t h e  o p t i m u m  f i n e  
i n t e r l a m e l l a r  s p a c i n g s .
L o n g e r  a u s t e n i t i s i n g  t i m e s  a t  a l l  t e m p e r a t u r e s  p r o d u c e d  a n  
i n c r e a s e  i n  s t r e n g t h .  T h i s  m a y  b e  a t t r i b u t e d  t o  t h e  m o r e  
f f a c t i v e  a n d  c o m p l e t e  d i s s o l u t i o n  o f  a l l o y  o r  m i x e d  
r b i d e s , a s  p r o p o s e d  b y  F r a n k l i n  a n d  A l l e n  ( 1 9 8 0 ) .
e
ca
The a u s t e n i t i s i n g  h e a t  t r e a t m e n t  i s  o f  c o n s i d e r a b l e  
i m p o r t a n c e  i n  t h e  p r o d u c t i o n  o f  h i g h  q u a l i t y  s t e e l  f o r  
c o l d - w o r k i n g .  I n  p a r t i c u l a r ,  B i l l i n g t o n  e t  a l  ( 1 9 8 1 )  
s u g g e s t e d  t h a t  c o n t r o l  o f  t h e  a u s t e n i t e  g r a i n  s i z e  p r i o r  t o
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t r a n s f o r m a t i o n  i s  c r u c i a l ,  s i n c e  t h i s  d e t e r m i n e s  t h e  
o p t i m u m  c o o l i n g  r a t e  t h r o u g h  t r a n s f o r m a t i o n  i n  a n y  g i v e n  
s t e e l .
5 .3.4 interlamellar spacing measurements
N o  m e a n i n g f u l  d i f f e r e n c e s  w e r e  o b s e r v e d  f o r  t h e  
i n t e r l a m e l l a r  s p a c i n g  o f  t h e  d i f f e r e n t  a l l o y s ,  h o w e v e r ,  
t h e r e  w a s  a  m a r k e d  d e c r e a s e  i n  s p a c i n g  w h e n  c o m p a r e d  w i t h  a 
c o m m e r c i a l  p l a i n  c a r b o n  s t e e l .
A d e c r e a s e  i n  t h e  i n t e r l a m e l l a r  s p a c i n g  d u e  t o  a n  i n c r e a s e  
i n  c a r b o n  c o n t e n t  w a s  o b s e r v e d ,  a s  r e p o r t e d  b y  P e l l i s i e r  e t  
a i  ( 1 9 4 2 )  a n d  P a y n e  a n d  S m i t h  ( 1 9 6 8 ) ,  h o w e v e r  n o  i n f l u e n c e  
w a s  o b s e r v e d  d u e  t o  a  c h a n g e  i n  t h e  p r i o r  a u s t e n i t e  g r a i n  
s i z e ,  t h i s  i s  a l s o  i n  a g r e e m e n t  w i t h  P e l l i s i e r  e t  a l  
( 1 9 4 2 ) ,  H a r d e r  a n d  B r a m f i t t  ( 1 9 7 6 ) ,  R o o s z  a n d  G a c z l
( 1 9 8 1 )  .
5 . 3.5  T h e  a s - p a t e n t e d  t e n s i l e  s t r e n g t h
T h e  m e c h a n i c a l  p r o p e r t i e s  c a n  a l s o  b e  c o m p a r e d  b y  r e f e r e n c e  
t o  t h e  a d d i t i o n  o r  s u b s t i t u t i o n  b y  s i l i c o n  i n  t h e  i C r - l M n  
a l l o y .  T h e  a d d i t i o n  o f  s i l i c o n  t o  t h e  I C r - l M n  a l l o y  l e d  t o  
a  s u b s t a n t i a l  i n c r e a s e  i n  s t r e n g t h .  T h e  m a x i m u m  s t r e n g t h  
w a s  m e a s u r e d  f o r  t h e  2 S i - l C r - M n  a l l o y ,  b u t  w i t h  l o w
ductility.
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rSubstitution of chromium or manganese in the iCr-lMn alloy 
by 2% silicon led to improved tensile properties in the 
2 S i-1C r alloy, while the 2Si-lMn alloy had inferior 
properties. Low tensile strength values in a manganese- 
containing steel have also been t,.ported by Franklin et al 
(1980). The high tensile values obtained at low 
transformation temperatures are related to a mixed baimte 
and fine pearlite structure, as fiscussed in Section
4.3.3.2.
High strength <1375MPa) and good ductility (36%) were 
measured for the alloy 2Si-lCr-C 8C transformed at 660°C 
for 5 minutes. This is also in agreement with Franklin et 
al (1980) who observed that the transformation temperatures 
corresponding to the maximum tensile strength increased as 
the level of silicon increased.
For all transformation temperatures, the chromium- 
containing alloys showed an increase in strength in the 
region of 250KPa, in relation to the 2Si-lMn steel. This 
is in agreement with Gladman et al (1972) who found that 
manganese in solid solution appears to have no significant 
effect on the tensile strength.
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5.3.6 The effect of carbon content-
Although h y p e r -eutectoid phases (particularly cementite) 
are deleterious to the prcperties of pearlitic steels, no 
traces of this phase were found in the 0.9C steel. The 
drawing trials also suggest that no pro-eutectoid phase had 
formed, since precipitation of cementite along the grain 
boundaries lowers drawability and toughness, even in high 
quality steels (Franklin et al (1980), and Guerrieri et al
(1983)).
Silicon is known to be one of the best possible additions 
in order to retard the kinetics of pro-eutectoid cementite 
formation. Heckel and Paxton (I960) studied the thickening 
of cementite films in hyper-eutectoid steels. A very slow 
growth rate was observed in a silicon-containing, compared 
with a plain, carbon steel. This effect was attributed to 
a silicon (ferrite stabiliser) build up at the interface. 
The role of silicon is further substantiated by the fact 
that it has only negligible solubility in cementite. 
Silicon rejection at the advancing interface would cause a 
continually increasing build up because of its low 
diffusivity. This leads to a retardation in growth by a 
combination of the necessity of silicon removal before 
cementite can form and its effect on increasing the 
activity of carbon in austenite, thus reducing locally the
carbon activity g r a d i e n t .
The tensile strength was found to increase with increasing 
carbon content, as expected, while the ductility showed the 
opposite trend. At transformation temperatures of 665‘C 
the structure consisted of a very fine, uniform pearlite. 
H o w e v e r ,  the p e a r l i t e  m o r p h o l o g y  at 68 0 °C was 
unsatisfactory, with significant islands containing no 
carbides and partially spheroidised pearlite. At a 
transformation temperature of 620 "C. the structure 
appeared to become degenerate. Degenerate pearlite was 
also observed in the low (0.5 to 0.7V, carbon 2Si-lCr 
steels. This is in agreement with Cheetham and Ridley 
,1975) who observed that pearlite degeneracy increased as 
the carbon content of a steel decreased.
5.3.7 As-drawn properties
A considerable in ease in the tensile properties was 
achieved as a result of the drawing. However, the 
strengths obtained in the 231-lMn (1989HPa) and ISi-lCr-IMn 
(241IMPa) alloys were low relative to the 2Si-lCr steel
(2580MPa).
The 2Si-lCr Sheffield alloy was anomalous. Transformation 
at d i f f e r e n t  t e m p e r a t u r e s  g a v e  d i f f e r e n t  w o r k  h a r d e n i n g  
rates during drawing. This is difficult to explain, but is 
p r o b a b l y  d u e  to lack of e x p e r i e n c e  and poor t e c h n i q u e  in
the initial drawing trials.
The abrupt increase in strength observed in many cases 
after the last pass of drawing may be due to ageing of the 
wires. This will arise if inadequate wire cooling is
a p p l i e d .
The high carbon alloy (2Si-lCr-0.9C> was drawn to achieve a 
strength of 2650MPa and 25% ductility after a 93% drawing 
reduction. These are excellent values considering the work 
of Chandhok et al (1966), who found a total loss of 
ductility after drawing a 0.9% carbon commercial steel to 
86% reduction.
The work hardening rates also varied. The 2Si-lMn alloy 
exhibited a very low value <324MPa per unit strain) 
the ISi-lCr-IMn gave 348MPa, which is slightly lows a
plain carbon steel (Langford, 1977). The work h. _.,.i.ng 
rates for the 2Si-lCr-0.8 and 0.9C steels were 439 and 
458MPa per unit strain respectively. This supports a 
previous suggestion that the work hardening rate increases 
with carbon content (Shipley, 1962).
A great deal of consideration has been given to drawing 
conditions. The cooling of wire during drawing was 
recommended by Smith and Spelts, and by Sturgeon and Guy 
( 1963). The latter have shown that by protecting the 
internal surfaces of the capstan wall from corrosion, 




toother factor which must be emphasise! is die design and 
the amount of reduction at each stage. Willemse et al
(1982) have shown that the residual state of stress of 
cold-drawn wires is influenced by these parameters. 
Drandal and Valberg (1962) took the view that a drawing 
ractice characterised by small reductions should be 
ided because central bursts, reported also by Avitiur 
11983), and cup and cone wire breaks may occur due to the 
instability of flow pattern.
in the present research the reduction per pass of drawing 
was in the range 19 to 25%; and the use of direct cooling 
of the wire in later experiments considerably improved the 
ductility of the final product. An as-drawn strength in 
the region of 2600MPa was obtained in this work by using a 
combination of silicon and chromium additions together with 
high carbon levels and optimum patenting conditions. The 
alloy 2Si-lCr-0.8C achieved an as-drawn strength of 2580MPa 
with a residual ductility of 37% and the torsion and shear 
tests results were in excess of the minimum requirements of 
commercial specifications. This showed the advantage of 
lead patenting over the continuous cooling "Stelmor" 
process reported by Pesche et al (1982).
improved as-drawn properties as a result of chromium and 
silicon additions have also been reported by Takahashi et 
al (1980) and Ochiani et al (1983).
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5.4 Summary
In this part of the investigation, the effects of silicon 
on the transformation characteristics and the as-patented 
and drawn mechanical properties of chromium-manganese 
steels were studied. It was found that the 2Si-lCr-0.8C 
composition gave the highest as-drawn strength, combined 
with adequate ductility.
The influence of carbon content was also studied. Alloys 
containing less than 0.8% exhibited very poor as-patented 
properties and were not drawn. Increasing the carbon 
concentration by 0.1% (to 0.9%) improved the as-patented 
properties, but ductility decreased rapidly during drawing. 
Thi' may be due to ageing of the wire through insufficient
cooling.
Based on these results, it was decided to assess the 
effects of alloying on commercial purity plain carbon
steels.
CHAPTER SIX - COMMERCIAL PURITY ALLOYS
6.1 Introduction
The previous work was carried out on alloys prepared from 
high-purity base materials. However, industrial steels 
contain significant amounts of manganese, sulphur, 
phosphorus and other impurities. Since the 2Si-lCr alloy 
gave the best combination of properties in the earlier 
studies, it was decided to prepare two similar compositions 
using commercial Fe-Mn-0.8C as the starting stock. The 
analyses of these alloys are listed in Table 6.1.
Table 6.1 chemical compositions of commercial grade wits 
alloys (in weight %)
Alloy C
1
Cr Mn Si S P N
Oth­
ers
2Si-lCr 0.8 1.01 0.70 1.85 0.035
0.011 0.008 *
1.7S1-
iCr 0.79 1.02 0.72 1.70 0.033
0.010 0.008 *
* less than 0.02%.
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6 .2 Results and Discussion
6.2.1 TTT diagrams
Although the commercial alloys appear to have very similar 
compositions to the high purity 2Si-lCr-lMn alloy, it 
should be noted that in the former alloys the manganese was 
added to cou' vhe leieterious effects of sulphur on
mechanical k rties. Thus, most manganese may be
combined in the form of sulphides with little in solid 
solution. Nevertheless, the TTT diagram determined for the 
high purity alloy was us-d to select appropriate 
transformation temperatures (sr Figure 5.4).
6.2.2 Mechanical properties and microstructures
Hounsf ield specimens were austenitised for 30 minutes at 
1000 °C then transformed in the temperature range 580 to 
6 3 o °c (with 10 °C intervals of undercooling) for 5 and 10 
minutes. The as-patented tensile properties as a function 
of the different transformation treatments are given in 
Tables 6.2 and 6.3, and plotted in Figures 6.1 and 6.2. 
For both commercial alloys very high tensile values were 
obtained at low transformation temperatures. Again, this 
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( ° C ) (Minutes) (MPa) ( %)
(VPN)
5 8 0 5 1 6 8 1 1 4 . 0 3
5 3 0
5 8 0 10 1 6 0 6 2 3 . 4
4 9 1
5 9 0 5 1 6 1 9 1 9 . 5
4 9 7
5 9 0 10 1 5 8 3 2 4 . 3
4 8 6
6 0 0 5 1 5 6 3 2 5 . 3
4 8 1
6 0 0 10 1 5 0 3 3 0 . 4
4 6 4
6 1 0 5 1 5 1 6 3 0 . 5
4 6 8
6 1 0 10 1 4 5 0 3 3 . 0
4 4 9
6 2 0 5 1 4 7 5 3 1 . 8
4 5 6
6 2 0 10 1 4 0 6 2 6 . 0
436
6 3 0 5 1 4 3 6 3 2 . 6
4 4 5
h e  d u c t i l i t i e s  m e a s u r e d  f o r  s p e c i m e n s  o f  t h e  2 S i  i C r  a i l o y  
r a n s f o r m e d  a t  l o w  t e m p e r a t u r e s  a p p e a r  a b n o r m a l l y  h i g h .  I n  
h e  1 . 7 S i - l C r  a l l o y  t h e  h i g h e s t  t e n s i l e  s t r e n g t h  c o m b i n e d  
i t h  a d e q u a t e  d u c t i l i t y  ( > 3 0 %  R . A . )  ’ / a s  I S l G M P a .  T h i s  w a s  
r o v i d e d  b y  t r a n s f o r m a t i o n  f o r  5 m l  l u t e s  a t  6 1 0  C .
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Table 6.3 Tensile properties of the 2Si-lCr commercial
alloy.













5 8 0 5 1 6 5 4 2 9 . 9
5 0 6
5 8 0 10 1 6 1 4 2 9 . 2
4 9 4
5 9 0 5 1 6 1 9 3 0 . 2
4 9 /
5 9 0 10 1 5 8 4 3 0 . 5
4 8 6
6 0 0 5 1 5 4 4 3 1 . 0
4 7 8
6 0 0 10 1 4 9 7 3 1 . 8
4 8 4
6 1 0 5 1 5 1 8 3 3 . 3
4 7 0
6 1 0 10 1 4 9 0 3 0 . 7
4 6 1
6 2 0 5 1 5 0 0 2 8 . 8
4 6 4
6 2 0 10 1 4 4 6 3 0 . 5
4 4 8
6 3 0 5 1 4 7 2 2 5 . 0
4 5 6
6 . 2 . 3  Scanning electron microscopy
S a m p l e s  t r a n s f o r m e d  a t  6 1 0 ° C  f o r  5 m i n u t e s  w e r e  e x a m i n e d  i n  
t h e  SEM i n  o r d e r  t o  c h a r a c t e r i s e  t h e  a s - p a t e n t e d  s t r u c t u r e .  
T h e  p e a r l i t e  a p p e a r e d  t o  b e  v e r y  f i n e  a n d  r e g u l a r  ( F i g u r e  
6 . 3 ) .  I n t e r l a m e l l a r  s p a c i n g s  ( m e a s u r e d  f r o m  S E M  





m m * *
0. 5um
0 . 5 pm
<
SFM m i c r o g r a p h s  o f  a l l o y s  o f  c o m m e r c i a l  grade 
t r a n s f o r m e d  a t  6 1 0 ° C  f o r  5 m i n u t e s
( a ) 1 . 7 S  i - l C r
( b )  2 S i - l C r
S u c h  a  f i n e  p e a r l i t i c  s t r u c t u r e  s h o u l d  b e  v e r y  s u i t a b l e  f o r  
w i r e  d r a w i n g .  T h i s  c o m b i n e d  w i t h  t h e  g o o d  m e c h a n i c a l  
p r o p e r t i e s  s u g g e s t e d  t h a t  5 m i n u t e s  a t  6 1 0 ° C  w a s  t h e  m o s t  
a p p r o p r i a t e  t r a n s f o r m a t i o n  h e a t  t r e a t m e n t  a n d  t h i s  w a s  
s e l e c t e d  a s  s t a n d a r d  f o r  t h e  d r a w i n g  t r i a l s .
6 . 2 . 4  D r a w i n g  t r i a l s
F o r  t h e  d r a w i n g  t r i a l s ,  5 0 0 m m  l o n g  r o d s  w e r e  t r a n s f o r m e d  
u s i n g  t h e  s t a n d a r d  c o n d i t i o n s  ( 5  m i n u t e s  a t  6 1 0 ° C ) .  
D e s p i t e  i t s  a p p a r e n t  s u p e r i o r  d u c t i l i t y ,  t h e  2 S i - l C r  a l l o y  
c o u l d  n o t  b e  p o i n t e d .  A t t e m p t s  t o  d o  s o  r e s u l t e d  i n  
c o n t i n u a l  f r a c t u r i n g  o f  t h e  r o d s .  N o  d r a w i n g  t r i a l s  w e r e  
p o s s i b l e  u s i n g  t h i s  a l l o y .  A l t h o u g h  d i f f i c u l t  t o  p o i n t ,  
t h e  1 . 7 S i - l C r  a l l o y  w a s  s u c c e s s f u l l y  d r a w n  t o  a  t r u e  s t r a i n  
o f  2 . 0 7  ( 8 7 . 5 %  t o t a l  r e d u c t i o n ) .  T h i s  p r o d u c e d  a n  a s - d r a w n  
s t r e n g t h  o f  2 4 3 2 M P a .  H o w e v e r ,  p o o r  d r a w a b i l i t y  w a s  n o t i c e d  
d u r i n g  a l l  t h e  d r a w i n g  t r i a l s .
F u r t h e r  d r a w i n g  t o  93% r e d u c t i o n  i n c r e a s e d  t h e  s t r e n g t h  t o  
2 6 5 0 M P a . U n f o r t u n a t e l y ,  a t  t h i s  s t r e n g t h  l e v e l  a l l  
d u c t i l i t y  a p p e a r e d  t o  b e  l o s t ,  a l t h o u g h  n o  a b s o l u t e  m e a s u r e  
c o u l d  b e  o b t a i n e d  d u e  t o  s p l i t t i n g  o f  t h e  w i r e s .
T h e  w o r k  h a r d e n i n g  c u r v e  o f  t h e  1 . 7 S i - l C r  a l l o y  i s  p l o t t e d  
i n  F i g u r e  6 . 4  a n d  c o m p a r e d  w i t h  t h a t  o f  a  p l a i n  c a r b o n  
c o m m e r c i a l  s t e e l .  A w o r k  h a r d e n i n g  r a t e  o f  4 3 2 M P a  p e r  u n i t
.250 . 7 5 0  1 . 25  1 . 75
T R U E  S T R A I N  ( % )
2. 25
F i g u r e  6 . 4 W o r k  h a r d e n i n g  c u r v e s  o f  t h e  a l l o y  1 . 7 S i - l C r  
o f  c  m m e r c i a l  g r a d e  a n d  a  p l a i n  c a r b o n
s t e e l .
* A f t e r  H a g g l e  R a n d  ( 1 9 7 9 ) .
s t r a i n  w a s  m e a s u r e d  f o r  t h e  a l l o y  s t e e l  w h i c h  i s  a n  
i m p r o v e m e n t  o n  t h e  w o r k  h a r d e n i n g  r a t e  o f  t h e  p l a i n  c a r b o n
s t e e l .
6 . 3  F u r t h e r  D i s c u s s i o n
a .  O n e  o f  t h e  m a i n  p r o b l e m s  e n c o u n t e r e d  d u r i n g  t h e  
f a b r i c a t i o n  o f  t h e  c o m m e r c i a l  a l l o y s  w a s  t h e  f o r m a t i o n  
o f  c e n t r a l  p i p e s  d u r i n g  c a s t i n g .  T h i s  i s  a  w e l l - k n o w n  
p h e n o m e n o n  i n  h i g h  c a r b o n ,  h i g h  s i l i c o n  s t e e l s  w h e n  
b o t h  e l e m e n t s  c o n t r i b u t e  t o  t h e  c o n t r a c t i o n  o f  t h e  
l i q u i d  s t e e l  ( S t r a u s s ,  1 9 7 0 ) .
A l t h o u g h  p r i m a r y  p i p e s  w e r e  r e m o v e d  p r i o r  t o  r o l l i n g ,  
s e c o n d a r y  p i p e s  c o u l d  h a v e  e x i s t e d  i n  t h e  r o d s .  T h i s  
c o u l d  h a v e  b e e n  o n e  r e a s o n  f o r  t h e  l o w  d r a w a b i l i t y  o f  
t h e s e  a l l o y s ,  w h i c h  c a u s e d  d i f f i c u l t i e s  i n  p o i n t i n g  
t h e  r o d s  p r i o r  t o  d r a w i n g  a n d  c o n t i n u o u s  s p l i t t i n g  o f  
t h e  w i r e s  d u r i n g  d r a w i n g .  D e s p i t e  a l l  t h e  o b s t a c l e s  a 
t e n s i l e  s t r e n g t h  o f  2 6 5 0 M P a  w a s  a c h i e v e d ,  a f t e r  
d r a w i n g  t h e  r o d s  t o  a  t o t a l  r e d u c t i o n  o f  9 3 % .
b .  T h e  w o r k  h a r d e n i n g  r a t e  m e a s u r e d  f o r  t h e  2 S i - l C r  
c o m m e r c i a l  a l l o y  w a s  v e r y  s i m i l a r  t o  t h e  v a l u e  
o b t a i n e d  f o r  t h e  h i g h  p u r i t y  a l l o y  o f  t h e  s a m e  n o m i n a l  
c o m p o s i t i o n .  H o w e v e r ,  t h e  a s - p a t e n t e d  t e n s i l e  
s t r e n g t h s  m e a s u r e d  f o r  t h e  c o m m e r c i a l  s t e e l  w e r e
l i t i e s  l o w e r .  T h i s  m a y  b e
c .
a c c o u n t e d  f o r ,  i n  p a r t ,  b y  t h e  p r e s e n c e  o f  m a n g a n e s e  
i n  e x c e s s  o f  t h a t  r e q u i r e d  t o  f i x  t h e  s u l p h u r ,  
p r o v i d i n g  s o l i d  s o l u t i o n  s t r e n g t h e n i n g .
A f u l l y  p e a r l i t i c  s t r u c t u r e  w i t h  t h e  f i n e s t  p e a r l ) t e  
s p a c i n g s  w a s  o b t a i n e d  a t  a l o w e r  t r a n s f o r m a t i o n  
t e m p e r a t u r e  ( 6 1 0 ° C )  c o m p a r e d  w i t h  t h e  h i g h - p u n t y  2 S i -  
i C r  ( 6 6 0 ° C ) .  T h i s  c o u l d  b e  e x p l a i n e d  i n  t e r m s  o f  t h e  
h y p o t h e s i s  p r e s e n t e d  b y  P i c k l e s i m e r  e t  a l  ( 1 9 6 0 ) .  I n  
s t e e l s  o f  h i g h  p u r i t y ,  n u c l e a t i o n  o c c u r s  m a i n l y  o n  
f r e e  s u r f a c e s  a t  h i g h e r  t r a n s f o r m a t i o n  t e m p e r a t u r e s .  
T h i s  s u g g e s t s  t h a t  i n  a l l o y s  o f  l o w e r  p u r i t y  a n d  i n  
c o m m e r c i a l  a l l o y s  t h e r e  i s  i m p u r i t y  c a t a l y s i s  o f  
n u c l e a t i o n .
d. The study of commercial purity alloys was intended to 
determine whether the good results obtained in high 
purity material could be reproduced. If successful, 
then attempts could be made to produce the alloys on 
an industrial scale, using relatively unsophisticated 
production methods.
In the literature the benefits of high purity to the 
properties of high carbon, high tensile steel wires has 
been widely reported. One of the major factors considered 
has been the effect on the ductility of wires. Reduction 
in the ductility of wires is apparently associated witi
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macrosegregation of sulphur and carbon, and the latter may 
also cause the formation of free cementite at prior 
austenite grain boundaries. These facts have been reported 
by many authors, for example Cottrell (1963), Gladman et al 
(1970), Edwards et al (1979), Stacey (1980) and Guertieri
et al (1983).
Even in high tensile strength steels for purposes other 
than wire rods, the benefit of high-purity steels 
compositions compared with steels of normal purity has been 
demonstrated (Cottrell and Turner, 1962).
An increasing tendency to use ultra-pure materials and 
vacuum melting techniques was reported by Capus and Mayer 
as early as 1960 and by Cottrell et al in 1963.
The importance of steel purity in the achievement of high 
strength together with good ductility and toughness was 
also emphasised by Franklin and Allen (1980). They 
suggested that non-metal1ic inclusions are detrimental. 
This view was supported by Demeyer (1981). The is and Klemm
(1982) also suggested that good microscopic cleanliness was 




The attempt to test the properties of a 2Si-lCr commercial 
grade alloy was disappointing.
Many problems were encountered during the fabrication of 
the alloys, due to pipe formation, which was found to be 
detrimental for drawing purposes.
The lead bath temperatures chosen for isothermally 
transf< m g  the rods prior to drawing were apparently too
low. A slight increase in the temperature may have 
provided higher ductility but with a lower tensile
strength.
6.4 Summary
The attempt to test the properties of a 2Si-lCr commercial 
grade alloy was disappointing.
Many problems w  re mconntered during the fabrication of 
the alloys, due .o pipa formation, which was found to be 
detrimental 'or drawing purposes.
The lead bath temperatures chosen for isothermally 
transforming the rods prior to drawing were apparently too 
low. A slight increase in the temperature may have 
provided higher ductility but with a lower tensile
strength.
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CHAPTER SEVEN ~ AGEING TRIALS
7 .1 Introduction
practical experience has shown that drawn plain carbon 
eutectoid steels are subject to ageing at temperatures of 
50 °c (Shipley, 1982). It was decided therefore to carry 
out ageing trials on the experimental UHT (ultra high 
tensile) material.
Tests were performed on the high purity 2Si-lCr alloys 
drawn from 12mm diameter to 3.79mm (90% reduction) using 
full water cooling. S p e c i m e n s  were also prepared from 
material drawn to 3.40mm (92%) and 3.15mm (93%). For each 
drawing reduction, shear test specimens were heat treated 
at 50 °C for between one and 96 hours, wires submitted to 
ageing trials were placed in a refrigerator immediately 
after drawing in order to prevent further ageing at room
temperature.
7 .2 Results and Discussion
7.2.1 Shear tests
Shear tests were conducted in order to evaluate the 
ductility of the wires as a result of different ageing 
treatments (Stephenson et al, 1983). A minimum of three 
samples was tested for each heat treatment. The shear
elongation values measured are listed in Table 7.1 and 
plotted in Figure 7.1. Shear values below 1.0 were 
considered as poor ductility of the wires.
Table 7.1 Shear ductility values obtained during ageing 































































7.2.2 Transmij? ion electron m icroscopy
Thin foils were prepared from different samples subjected 
to ageing trials. There were no apparent differences 















•------■ 2Si-1Ci: / 90%
A------ A 2Si-1Cr / 92%
•--- --# 2Si-1Cr / 93%
♦ ---- * 2Sl-1Cr-.9C/ 93%
*all 0.8%C
(Figure 7.2) end those seen in the as-drawn material 
(Figure 5.31). There was no evidence rf precipitation even 
at high magnifications (X160.000). However, some 
structural changes were apparent in plain-carbon wire after 
ageing for one week at 5 0 -C (Figure 7.3). The ferrite 
exhibits a distinct equiaxed cellular substructure which 
wan no*' observed in the as-drawn material. This could be 
indicative of a recovery process. Although this would not 
be expecad at such a low temperature, sufficient driving 
force could possibly be supplied by the extremely high 
deformations employed in drawing. It does suggest however 
that in the early stages of ageing, the dislocations are in 
fact mobile in order to achieve recovery.
An attempt was made to precipitate carbides in a commercial 
plain carbon steel wire by heat treating samples at 200°C 
for 15 minutes. 2Si-lCr samples were also given a similar 
treatment. Although the shear values measured for the 
plain carbon steel after ageing were zero, no unusual 
features were identified.
7 .3 Further D i s c u s s i o n
The shear values measured after the ageing trials appear 
generally to be acceptable in terms of the duct 111 ty o f the 
wires. It seems that the shear ductility of the wires with 
larger diameter is low compared with finer wires. The 











TFM m i c r o g r a p h s  of samples submitted to 
age i ng trials
(a ) 2Si-lCr
(b) Plain carbon steel
>iqure 7.3 Equtaxed structure in a ptain carbon steel 
after ageing for one week at SO C ( rt-M
micrographs)
increases with drawing reduction, as suggested by White 
(1983).
Transmission electron microscopy observations on the wires 
did not show any precipitation of carbides as a result of 
the ageing heat treatment. This may be due to a number of 
reasons, some of which are listed below:
i) The time (96 hours) at 50 °C, may be insufficient to 
produce observable microscopic changes.
ii) Similarly, the time (15 minutes) at 200"C may not be 
enough.
iii) The alloy steel may "not age", possibly due to the 
presence of silicon (Leslie (1961), Ochiani et al
(1983)).
iv) The loss of ductility on ageing may be caused by 
features too small to be detected using electron 
microscopy. (For example, dislocations could be 
pinned by Cottrell atmospheres of carbon atoms).
in relation to item iv), other investigative techniques 
should be considered. Another method of studying the 
ageing of heavily drawn wires is field ion microscopy. 
Although this has been used by Waugh et al (1981), G.D.W. 
Smith (1983) dismisses this approach by explaining that 
dislocation configurations will relax during the process of
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preparing field ion specimens. rurrne. 
configuration will take place when the electric field la 
applied to produce the image, since there is a mechanical 
stress associated with the field, leading to slip 
deformation during the imaging process, and pinning of all 
the mobile dislocations.
G.O.W. Smith (1963) suggested that the high level of 
deformation present in a heavily drawn wire presumably aids 
the migration of carbon atoms. The presence of both point 
and line defects in both the ferrite and cementite phases 
will enhance carbon migration, and the refinement of the 
interlamellar spacing will cut down the distance over which 
carbon atoms have to move in order to effectively pin all 
the mobile dislocations. According to G.D.W. Smith tue 
only effective way to reduce the seriousness of this effect 
is to attempt to inhibit the mobility of carbon.
A remedial action that may be taken during wire manufacture 
is restricting the reduction of area and applying 
additional wire cooling on the wire drawing machines.
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C H A P T E R  E I G HT  C O N C L U S I O N S
The findings of this investigation may be summarised as 
follows:
1. The addition of chromium, manganese and silicon to 
eutectoid carbon .reels shifted the TTT diagrams to 
longer incubation ' Imes and to higher transformation 
t e m p e r a t u r e s .  A d d i t i o n s  of silicon appear 
potentially useful in inhibiting pro-eutectoid 
c e m e n t i t e  formation, as well a., in direct 
strengthening.
2 Alloying also increased strength. In the Cr-Mn alloy
series, the ICr-lMn produced the highest as-patented 
and dr a w n  strengths: 1 3 6 0 M P a  and 2 4 6 l M P a
respectively.
In the Si-contain'ng alloys, the addition of 1% 
chromium to the 2Si-lMn composition resulted in a 
remarkable increase in as-patented strength (to «1600 
MPa) but with very poor ductility. The 2Si-lCr-0.8C 
alloy gave the highest as-patented strength, 1375MPa 
(with sufficient ductility) and produced wire with 
strength in excess of the 2500MPa goal: 2580MPa.
This was achieved with the retention of adequate
remaining ductility, indicated by good shear and 
torsion test results.
The major strengthening mechanism was the refinement 
of the pearlite inter lamellar spacing. Increasing 
silicon levels had the general effect of increasing 
the optimum isothermal transformation temperature at 
which fine pearlite was formed. However, ncreased 
strengths through increases in work hardening rate 
were observed in some alloys: 410MPa/unit strain in
the ICr-lMn alloy and 440MPa/unit strain in the 
2Si-lCr-0.8 alloy.
Strength was also influenced strongly by carbon 
content. A 2Si-lCr-0.9C alloy developed a drawn 
strength of 2650MPa, with a work hardening rate of 
458MPa/ui.it strain.
Reducing the carbon content below 0.8% resulted in 
inferior strengths, partially due to increased 
degeneracy of the pearlitic structure.
increased degeneracy of the pearlite was found In the 
alloys 2Si-lMn and 2Si-lCr-lMn.
S i l i c o n - c o n t a i n i n g  steels were found to exhibit
pearlitic cementite after
6 .
relatively short times at high temperatures, close to 
the transformation temperatures employed.
Heat treatment also influenced the microstructures 
and properties obtained.
Austenitising time and temperature were found to have 
a large effect on as-patented strength and structure.
Continuously stirred molten lead has proved to be the 
best available quenching medium. However, initial 
agitation of the samples is recommended to minimise 
recalescence. Since small temperature changes 
markedly affect resultant properties, close 
temperature control is mandatory.
The conditions during wire drawing also have a 
profound effect on mechanical properties. Heal-1 ng of 
the wire can result in an ageing p h e n o m e n o n , 
resulting in high strength but poor ductility. 
Additions of 2% silicon reduced the susceptibility to 
ageing, except with the high (0.9%) carbon content.
The most promising high purity composition (2Si-lCr) 
was also prepared using a commercial eutectoid steel 
base. High strengths were obtained but with poor 
ductility. This may be explained in terms of the
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manganese content and the increas'd impurity level. 
1.,e rapid ageing effect during drawing may be due to 
the high nitrogen and phosphorus contents.
•fhe 2Si-lCr-0.8C steel appears to offer the best 
current composition for commercial exploitation. 
However, several factors must be considered.
in the laboratory, there were considerable yield 
losses due to primary pipe formation in the ingots. 
Commercial production would therefore require special 
casting technique . such as the use of exothermic hot 
tops on ingot moulds.
Purity also markedly affects properties. It would be 
beneficial therefore to produce "cleaner" steel 
commercially. This could be accomplished using 
techniques such as vacuum degassing or electroslag 
refining to reduce phosphorus, sulphur and nitrogen 
contents and minimise non-metallic Inclusions. This 
will improve drawabi1ity.
CHAPTER NINE - fiUCCESTIONS FOR FURTHER WORK
The results obtained from this study of Si-Cr-Mn steels 
appear most encouraging. However, further work is required 
in order to optimise alloy composition and properties. 
Some suggestions are presented below.
1. in future work, attention must be given to the 
application of a homogenisation heat treatment. 
Austenite inhomogeneity (in termu of both alloying 
elements and carbon) will markedly affect pearlite 
nucleation, d i s t r i b u t i o n  and in par t i c u l a r  
interlameliar spacing. This must be eliminated in 
order to obtain the ideal fine uniform pearlite for 
subsequent drawing.
A soak of one hour or more at 1200-1250% should be 
sufficient to achieve at least uniformity of carbon 
concentration. k suitable grain size can be restored 
through proper selection of a re-austenitising heat
treatment.
2. compared with the 2Si-lCr alloy, the 2Si-lCr-lMn 
composition exhibited high strength but lower 
ductility (with an inferior microstructure). The 
commercial 2Si-lCi alloy, containing 0.7%Mn, also had 
high strength, an improved structure and intermediate
ductility.
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Further work is required therefore to determine an 
optimum manganese content or silicon-.manganese ratio. 
In the first instance, alloys based on 2(Si+Mn)-Cr 
should be studied. This investigation could include 
a re-assessment of the ]Si-lCr-lMn alloy which, due 
to defect problems, gave unreliable results in the
present study.
Drawabi1ity and susceptibility to ageing appear to be 
strongly dependent on the cleanliness, purity and 
freedom of defects of the steel. It is suggested 
therefore that all future studies, both laboratory 
and industrial, should employ the highest purity 
material possible.
Wire drawing conditions m st also be optimised and 
carefully controlled. Factors to be considered are 
wire drawing lubrication, speed of drawing, die 
design and reduction per die. A separate study 
should be made regarding the detailed influence of 
interpass c o o ling on d r a w n  p r o p e r t i e s  and 
susceptibility to ageing.
In order to increase our understanding of the 
fundamental effects of alloying additions on the 
strength of pearlite, further detailed studies are 
required on, for example, partitioning of solutes
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between ferrite and cementite and segregation to the 
growth interface. This may require advanced 
experimental techniques, such as STEM/EDS and 
FIM/atom probe.
A detailed study must also be made of ageing in UHT 
wires. The mechanism of loss of ductility must be 
identified, so that the problem can be overcome 
through alloying or modification of production 
conditions.
It is still not clear whethe 
deleterious to the properties 
would be useful therefore 
drawability of a fully bainitic 
of the existing experimental 
2Si-lCr-0.8C).
Future alloy development studies should be extended 
to include the evaluation of properties other than 
tensile strength and ductility. These should include 
weldability and fatigue properties, and possibly 
stress corrosion cracking and fracture toughness.
r bainite is always 
of drawn wires. It 
to investigate the 
microstructure in one 
alloys (possibly the
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